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Abstract

A novel method for graphically and mathematically representing the dispersion characteristics
of electromagnetic dielectric structures is presented. The method has been used to develop
closed-form formulas to find the longitudinal propagation constant and useful frequency
range for a number of popular rectangular dielectric waveguide types. These formulas are
presented in terms of their material dependency and are guide size and operating frequency
independent. Their form is so trivial that these characteristics can now be found in just a few
seconds using a basic calculator, yet still with second order accuracy. In addition,
improvements have been made to a number of well-known formulas normally associated with
periodic grating leaky-wave antennas. These improvements allow the width of the metal strip
grating to be taken into consideration to derive the correct main beam angle, array factor
pattern and grating limits. Previously, the grating width was neglected by the formulas and the
resulting error was unacceptably high.
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1. CHAPTER OVERVIEW

A large amount of work has been done on the subject of grating antennas in the last half a
century. The periodic metal strip grating leaky-wave antenna variant is perhaps the least well
developed of these. A handful of mathematical methods have been developed to analyse these
structures. These methods are extremely complex and generally not found in text books
perhaps because they are structure-specific. Other published works generally give insufficient
detail to be able to reproduce or adapt their method. Each group of authors uses their own

preferred method, perhaps because the less familiar alternatives are so laborious.

The results of published work generally furnish dispersion characteristics as well as antenna
characteristics, but usually only for one or two sets of parameters. Without significant
experience, it is difficult to know how the results might change for other sets of parameters
and, particularly, how to adapt the method or results for a different material or operating
frequency. However possible, the effort required to reproduce these methods to find the

results for parameter changes is tremendous.

It is difficult to navigate through the published work with all its mixed terminology, different
structures and limited results and to determine what combinations of guide type, guide
dimensions and material can be used to satisfy an antenna specification, and how these

choices will affect the antenna characteristics.

The combined effort required to implement one of these methods and then determine suitable
parameters seemed excessive for such a simple structure, so there appeared to be an
opportunity to reduce the effort. Further, a 3D electromagnetic structure field simulation
software tool was available; therefore it appeared both possible and useful to reveal the
response to parametric changes for some of the most popular structures so that the results can

be used to converge rapidly on the most suitable parameters.



For a theoretical design, once the dispersion characteristics are known, it is then a relatively
simple matter to dimension a grating antenna using some well-known formulas. This
relationship is reciprocal. Since the methods for obtaining these characteristics for the
perturbed structure are so complex and time-consuming there also appeared to be benefit in
finding a simpler alternative. Other authors have assumed that the characteristics for the
unperturbed waveguide structure are approximately those of the perturbed guide with metal
strips on the surface and have used approximate methods to obtain the characteristics. The
complexity is an order of magnitude less in these cases but the error and its dependencies are

unknown. There was therefore an opportunity to determine what the error was in these cases.

An overview of each chapter follows: Chapter 2 considers the existing literature and reveals
what has been done already for this structure and related structures. Then, Chapter 3 presents
some essential background information, particularly about the approximate method used in
this work. The most important results from a parametric analysis using the structure
simulation tool are presented in Chapter 4 to reveal the response to parameter changes and
some interesting new findings, like the relationship between the input reflection coefficient

and the position of the first strip.

A new general method for graphically and mathematically presenting the dispersion
characteristics of electromagnetic and possibly optical structures is presented in Chapters 5 to
7. The method is then used to present these characteristics for a number of types of commonly
known rectangular dielectric waveguides of any size, but with a range of fixed aspect cross-
sections, and a large range of material dielectric constants that encompass practical materials
suitable for use at millimetre wavelengths or smaller. Specifically, both plots and formulas
were derived using the method that find the real part of the propagation constant and the
single-mode frequency range for any size guide. The formulas are of closed-form and are so
trivial that these characteristics can be found in just a few seconds using a basic calculator,

which more than meets the goal of finding a simpler alternative to existing methods. In



addition, the formulas place no significant restrictions on the guide geometry like some

existing methods.

It also represents a significant step forward for both dielectric guide and leaky-wave antenna
analysis and design and it is quite feasible that the same steps might be taken to advance other
dispersion problems. This author believes that these formulas represent a least two orders of
magnitude decrease in the time and effort needed to find these results by any other method,

with similar second order accuracy.

A number of previous authors, specifically of the metal strip grating work, have made
statements to the effect that the main beam angle is predominantly controlled by the real part
of the propagation constant (the phase constant) but also to a small extent by the complex
leakage constant part. The simulation results presented in Chapter 4 verify that this is the
case, and, since other authors have neglected this leakage constant entirely in their work, it

was decided to quantify that error for different parameters in Chapter 8.

It is well-known that the radiation from the antenna is a function of the complex leakage
constant and that in turn is a strong function of the strip width and spacing. However, it turned
out that the error could be quantified using only the real phase constant part of the
propagation constants. This is an important new finding because the real part is significantly
easier to obtain than both, especially now that the new dispersion formulas developed in this
work allow the real part to be found so trivially. This new finding also enables the guide
characteristics and antenna characteristics to be considered and designed separately. This

reduces the effort significantly compared to analysing combinations of guide and strip

geometry together.

A new perturbed model of a section of guide with strip in series with a section without the
strip was used to both find and correct this error, also in Chapter 8. It calculates the average of
the two propagation constants over the two sections, using a simple new formula. This result

is compared with the propagation constant of the same series length of unperturbed guide to
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find the error, and more importantly, allows the lengths of the sections to be adjusted to

eliminate the error for any sets of parameters.

The existing well-known grating antenna formulas mentioned above. specifically those for
calculating the beam angle, onset of grating lobes and the usual linear array antenna factor for
finding the approximate radiation pattern, neglect the strip width and leakage and therefore
suffer from the same error. It was found that this error can be eliminated by using the average

perturbed propagation constant instead of the constant unperturbed constant in the same

formulas.

In chapter 9, some key experimental results are presented to validate some of the theory
presented in the earlier chapter of this work. Finally, Chapter 10 concludes and makes some

recommendations for further work.
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2.1. Directional antennas

Highly directional antennas are important in applications such as radar and radiometry
systems. Some directivity can easily be achieved by supporting a metal current element above
a grounded surface or reflector. Further directivity is generally achieved by making it longer
by adding more radiating elements with a periodic spacing, often using dipoles or monopoles.
This type is classified as a linear array. In this case, element of the array is actively excited by
a system of cables and possibly phase change electronics which can be used to direct or steer
the main beam to a given angle. Another way to achieve directivity is to place a radiating
element in the bottom of an open-ended metallic tube, typically with a circular or rectangular
cross-section, classified as an aperture antenna. In this case, the directivity is increased with
length of tube and-or flaring the tube out along its length, and increasing the size of the mouth
(aperture) region. Therefore, in general, very high directivity comes at the expense of

additional size, and as a result, additional cost and weight.

2.2. Size reduction

Once it became clear that adding dielectric materials around a linear radiating structure
allowed it to be shrunk in size [1], but that the available analysis and design was complex and

time consuming, there appeared to be an excellent opportunity to try to simplify the analysis.



2.3. Considering areas to study

At the beginning of this work, the author decided to investigate the very general category of
dielectric antennas. The earliest works are summarized in the first, and one of the only books
dedicated to this topic, in [2]. It primarily covered early theoretical and experimental work on
circular solid and hollow dielectric rod antennas, and the history dating back to their first
known use in German WWII radar systems and unpublished German works. Other
investigations centred around dielectric resonant antennas [1] which are essentially radiating
probes surrounded by planar dielectric layers of different permittivities or dielectric cyvlinders
of a single material. In terms of interest, dielectric resonant antennas, which are narrowband,
were soon surpassed by the category of leaky-wave antennas (LWA). The former dielectric
rod antennas fit into this category although no reference is made to the leaky phrase, and they
are all endfire radiating. The third of only four dedicated dielectric antenna books was
essentially an update to the original dielectric rod work [3]. Finally, the most recent covers
dielectric horns, with and without metal surrounds, and with dielectric lenses to correct phase

aberrations [4].

2.4. Terminology

At first glance, with so much different nomenclature, and so many structures and methods of
analysis used many different researchers, even the task of categorization seems
overwhelming. Out of all of these different types, the rectangular dielectric waveguide based
periodically perturbed leaky-wave antenna (LWA) appeared to be one of the least well
developed subjects, and also one of the most interesting. Choosing this one specific type of
antenna for analysis of course cuts down the number of methods and the amount of mixed
nomenclature to something more manageable. In theory, its use is most practical at millimetre
wavelengths and beyond, where the losses are as low or lower than their metal waveguide

equivalents, and where the dimensions become difficult to realize using metals [3].

to
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It soon becomes clear which terms are important in this field: transverse and longitudinal
propagation constants, wavenumbers, decay constant, leakage constant, attenuation constant,
phase constant, dispersion, dielectric constant, permittivity, waveguide modes, fundamental
mode, dominant mode, higher modes, leaky modes, Floquet modes, hybrid modes, antenna
modes, E,;* and E,;’ modes, evanescent modes, propagating waves, surface waves, space
waves, space harmonics, spacial harmonics, spectral harmonics, Floquet harmonics, cutoff
frequencies, mode cutoffs, mode-coupling, stop bands, free-space wavelength, guide
wavelength, bulk wavelength, dielectric guide, open guide, image guide, trapped image guide,
trough guide, inset guide, inverted strip guide, dielectric slab, horn antenna, perturbation,
periodic scatterers, dielectric grating, metal grating, stripe, strip, groove, grating period, strip
spacing, element spacing, tapers, 2D analysis, 3D analysis, full-wave analysis, spectral
harmonic analysis, spectral domain approach, scattering analysis, transverse resonances,
effective dielectric constants, Marcatili method, transcendental equations, Goell’s method,
waveguide model, boundary integral equations, mode-matching, point matching, Eigenvalues,
Green’s functions, Bessel functions, basis functions, hyperbolic functions, Galerkin
technique, dispersion curves, Brillouin diagrams, kf diagrams, ka diagrams, linear array
theory, collinear array, space factor, array factor, cancelling array, aperture distribution,
Cosine distribution, Cos-tapered distribution, Taylor distribution, effective aperture, aperture
efficiency, frequency scanning, scan range, beam-steering, line-scanning, analogue scanning,
broadside, endfire, backfire, grating lobes. Some of these terms are equivalent and all will be

covered in the relevant section of this thesis.

2.5. Considering LWA types

One of the most interesting aspects of the general category of LWA is the ability to steer the
main beam direction by frequency scanning [6]. Another is the sheer complexity of its
analysis and design, which will become obvious through this work, and the comparative
simplicity of its structure [7, 8]. Further literature search revealed two more general categories

of LWA in addition to the endfire rods covered in [2,4]:



1. Microstrip leaky-wave antennas
2. Dielectric waveguide based leaky-wave antennas:
a. Uniform
b. Periodically perturbed
i. Dielectric grating
ii. Metal strip grating
c. Longitudinally perturbed
The microstrip LWA and its radiation mechanisms [9,10] and mode behaviours are well-
known [11] and the uniform and dielectric grating types have been very well studied already
and good summaries are contained in the text books. The second category is supported by a
waveguide which has its travelling wave perturbed in some way so that it leaks (radiates)
energy. The uniform type is perturbed by tapering the cross-section and is relatively difficult
to experiment with since changes are likely to require a whole new waveguide [12,13]. The
longitudinally perturbed type is a more recent addition to this category [14] and publications
are appearing at the time of writing. A relatively new subject like longitudinal perturbation

leaves scope for overlap with the work of current authors and the present author felt that the

subject carried too much risk as a PhD topic.

Metal strips Grooves Guiding layer

LWA antenna side views

Figure 2.1 Leaky wave antenna side view sections showing various means of perturbing the dielectric

guide configurations.

Of the periodic types, the dielectric grating type shown in Figure 2.1(ii) with periodic grooves
machined into the surface of a dielectric waveguide have already received significant
attention in the past and is well documented. The metal strip type, shown in Figure 2.1(i), has

been studied by quite a small number of key people over the past three to four decades. For



this reason, it was chosen for further study here. In particular, following a review of the

literature a number of things that drove the current study became apparent:

1.

The precise radiation mechanism is undetermined;

The analysis is extremely complex for such a simple structure and adequately predicts the
main beam shape and position, but poorly predicts the sidelobe levels;

The approximate guide and antenna characteristics can be found quite easily once the
propagation constant for the guide is known, but this is difficult to obtain [15,16];
Dielectric waveguide analysis in general, as published, is very difficult to digest [17].
There is currently no simple way of obtaining the approximate propagation constant;

The radiation pattern can be approximated adequately using linear array theory, but the
accuracy has only been demonstrated for a few cases;

The accuracy of approximate formulas has not been comprehensively compared with the
results from rigorous techniques;

The respective advantages of the different guiding structures for this type of antenna have
not been demonstrated;

The affect of the material on the guiding and antenna characteristics is difficult to
ascertain;

There is no easy way to determine what guiding structure and material combination to use

in practice, to meet a set of requirements.

These are the key motivators for choosing this antenna as the subject of the present work and

all of these statements will be substantiated in the chapters to come. A key enabler for

improving the existing knowledge of this subject was the availability of a general 3D

electromagnetic structure software simulation tool and suitably powerful personal computer.

This would theoretically enable significant insight to be gained in a relatively short amount of

time compared to work carried out decades ago without such a resource. Answering all but

the first point turned out to represent the bulk of this work.



2.6. Review of text books

Leaky wave antennas have also been treated in early antenna textbooks. The first of these [18]
is the perhaps the most comprehensive and covers just about every antenna characteristic and
structural variation of the metal waveguide based type. Many of the general characteristics are
similar to those for dielectric guide types of interest here and shown in Figure 2.2 but, in
general, the mathematical treatment is slight and the graphs are restricted to those individual
metal types. Another general antenna text [19] covers the same metal types but also includes
an excellent treatment of general travelling wave antenna analysis. It also provides an
overview of a number of methods including transverse resonance method and harmonic
expansions, which are rigorous solutions for the propagation constant of travelling wave

antennas.
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Dielectric quide types, end views

Figure 2.2 Dielectric guide configurations [8] (a) open guide, (b) image guide, (c) inset or trough guide,

(d) trapped-image guide and (e) insulated-image guide.

The third edition of the earliest book [8] largely replaces the original leaky wave material
with a treatment of dielectric tapered rod or uniform waveguide antennas and a much greater
treatment of the periodically perturbed types, including with metal strips. This is the most up

to date textbook treatment of these antennas, and is by one of the foremost author’s of the

subject A.A. Oliner.

[7] gives perhaps the most significant treatment of the dielectric grating type LWA with less

than three pages dedicated to the metal strip grating type of interest here. Just a few pertinent
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empirical results are given for the latter and these will all be given a fuller treatment in the
current work. Although some of the dielectric grating theory applies to both types and so

gives good insight, the mathematical treatment and graphs are dielectric grating specific and

are of little use here.

While the above mentioned text books are certainly outstanding pieces of work, theyv provide
only very limited insight into the metal strip loaded LWA. In general, they all reference the
same handful of key journal papers, and it is only by referring to these directly, and additional
work that was not considered in the text books, and performing a parametric analysis on

various structures using the simulation tool, that significant insight can be gained.

The key papers give considerable insight and will be given significant attention next. Other

papers of course give a lesser insight and will be given the appropriate level of attention.

2.7. Review of journal papers

In [20], an analytical, numerical and experimental study is carried out into the guided waves
of the metal strip-loaded LWA structure. The study is carried out for the dielectric slab, which
is infinitely wide, which means that the study is for a two-dimensional structure. They state

that when metal strips are added, the field is modulated and space harmonics are introduced

1.e. it radiates.

In the mathematical formulation, approximations are made by assuming that the strips are
infinitely thin and infinitely narrow, making it possible to make approximations to the
boundary conditions. From these assumptions, it is taken that the current flow is along the
length of the strip and that in the longitudinal direction is zero and that the E-mode is
unperturbed. Electric and magnetic Hertzian potentials are expanded by Floquet’s theorem
[21] and the boundary conditions are applied to find the determinental equation. This is then
solved numerically and its solution is given as a k-f dispersion plot comparing the perturbed

and unperturbed dispersion curve. and the magnitudes of the individual space harmonics. The



perturbed curve is for the main radiated » = -1 harmonic. Curves for the other harmonics are
reported to be identical but shifted along the f axis by n2z [19]. The results were found to
converge for > 31 harmonics, but not quite for 21. The radiation is theoretically strongest
when the amplitude of the -1 harmonic is much greater than any other harmonics therefore it
is stated that study of the space-harmonic amplitudes is important. The propagation constant

has a very small imaginary part caused by the strip perturbations.

The analytical and numerical solution is given in limited detail and is extremely complex and
difficult to reproduce. In any case, it can only be used for infinitely wide slabs, and its
accuracy as the guide width is reduced to practical proportions is unknown. The theoretical
results are shown to agree very well with experimental far-field radiation pattern.
Interestingly, the main beam on one side of the structure has a higher gain that on the other,
by almost 6dB. This asymmetry will be the subject of a study in the present work. Near field
probing results for obtaining the propagation constant are also reported to agree well with
theoretical values. Such probing will also be used in the present work. The authors conclude
that the propagation constant can also be obtained very accurately from the direction of the

measured main beam, presumably using (2-1) which is well-known.

Oy = sin“(£—+%) (2-1)
0

[5,22] describe four new dielectric waveguide structures, useful for millimetre-wave and
optical integrated circuits, and a method of obtaining their theoretical dispersion
characteristics is presented along with their dispersion plots. The structures are based on the
simple idea that most energy will propagate in the region of highest dielectric constant. Their
precise structures are not important here, but they are effectively variations on the inverted
guide shown in Figure 2.1(iii) with the guiding layer on top or bottom. The method of
analysis used is of most interest since it has been cited many times in other similar work.

Since a solution to Maxwell's equations for these structures would be extremely complex. the

1o
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method of effective dielectric constants (EDC) was used to simplify the structure and
formulation of the boundary value problem. The EDC method was originally developed by
Toulios and Knox [23] and extended by Itoh in [22] for the new guide structures. In this
method, the structure and so the solving of the boundary value problem for the dispersion
characteristics is simplified by calculating the average or effective dielectric constant (ee) of
the different layered parts of the guide cross section, while making them infinitely wide. For
example, the structure of Figure 2.3(a) is decomposed into three sections, two of which are
identical, to find two effective values (b). These effective dielectric constants are that of

single layer hypothetical guides with the same propagation constant.
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Figure 2.3 Depicts decomposition of ridge-guide structure (a) into its effective dielectric constant parts

for deriving the y-direction propagation constant (b) and z-directed longitudinal propagation constant (c).

The boundary conditions are applied at the horizontal boundaries to solve Maxwell’s
equations for the simplified infinitely wide structures to find the propagation constant in the

y-directions of each and the EDC'’s are then found using ge, = &/ — ky’/ ki’ where el is the
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dielectric constant of the highest dielectric constant layer, ky is the propagation constant along

the vertical axis and k, is the free-space propagation constant.

These EDC’s are then placed side-by-side as shown in Figure 2.3(c) and the same process is
carried out to find the longitudinal z-direction propagation constant of the structure as a
whole. This time the tangential E and H fields are matched across the vertical boundaries,

assuming that they are infinitely tall. Perfect conductors and lossless dielectrics were

assumed.

The results of this approximate method were compared with experimental results at X-band

frequencies and showed that the accuracy of the method is geometry dependent and

dependent on how close the dielectric constant values are to each other. Since the solution is

simplified by assuming infinite widths instead of the actual finite widths, the:

e accuracy deviates as the width is made narrower and vice-versa;

e accuracy deviates as the dielectric constant values become further apart.

e method is general purpose and approximate but the authors report that it can only be
expected to work well for larger waveguide aspect ratios and when the difference between
the dielectric constants is small.

e dielectric and conductor losses will of course increase the error.

These points about the accuracy of the EDC method must be taken into consideration when
considering methods for calculating the dispersion characteristics of guides, which are needed
to design antennas based on them. [24] claims that this method is more accurate than
Marcatili’s method [31]. While this may be true at the less important low frequencies where
the wave is less well guided, the Marcatili method suffers from none of the constraints listed
above. The inability to study small aspect ratios is a disadvantage for the present work. In
addition, the solution of Maxwell's equations for these structures is still very involved and has

to be computed for all the structures shown in Figure 2.3 when using the EDC method and is

9
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therefore very time-consuming and prone to error. Of course, this situation is simpler when
the structure is a simple unperturbed rectangular guide, such as shown in Figure 2.2(a) to (c).
However, Marecatili has already solved Maxwell’s equations for these structures. so it is
pointless using the EDC method in these rectangular guide cases. Since these simple guide
configurations have been used in previous leaky-wave antenna work and will also be
considered in the present work, it makes more sense to using the Marcatili method than the

EDC method. The Marcatili method will be covered in the next chapter

Knowledge of the guide wavelength and therefore propagation constant is required to design
the periodic grating types of leaky-wave antenna. In [25], the authors report an experimental
method for finding it experimentally and compare their results with those found using the

Marcatili theory. The measurements require quite an elaborate setup and are of little interest
in the present work. However, the accuracy of the Marcatili method for calculating the guide
wavelength is of importance and is demonstrated to approach 10% at low guide frequencies,

decreasing to zero at higher frequencies for a silicon guide.

In [26] an inverted strip (IS) dielectric guide is fabricated with gratings for use as a leaky
wave antenna for use at millimetre wave frequencies. This structure, which is compatible with
MMICs, consists of a dielectric grating layer (grooves cut transverse to the direction of
propagation, which is assumed to be down the length of the guide layer) sandwiched between
a higher dielectric constant slab and a ground plane. The IS structure is shown in Figure
2.1(e). This configuration shares the benefits of other periodic LWA and is reported to have
some additional advantages over other structures (at millimetre frequencies) [22] but these
advantages are not really of interest for antennas. However, this paper is referred to by many
LWA authors and contains some important insight. Of particular importance for the present
work are that:

1) The grating supports a leaky wave when the phase constant of the nth space harmonic

satisfies By / ko > 1. This is interesting because the Marcatili method defines the same point as



the cutoff frequency of the fundamental mode of the guide itself (which does not have a real
cutoff per-se).

2) There is a null in the dispersion characteristic of the antenna at the broadside direction (90°
to the radiating surface). This is a result of mode-coupling between the forward and reverse
travelling first higher space harmonics of the forward and reverse fundamental modes
respectively. In the present work, this will be referred to as the broadside null. This is
interesting because the Marcatili method does not find the null because it considers the guide
without any grating and so it must be assumed to exist for the antenna. This null feature also
allows the structure to be designed as a band-reject filter by suitable choice of grating spacing
and antenna dimensions to match the design frequency.

3) When the grating is infinitely narrow, the attenuation and therefore radiation per unit cell is
small and the amplitude taper over the aperture is also small, the radiation pattern is
approximately that of the array factor of a linear array with a constant phase taper between
radiating elements of f,.d.

4) Measured radiation patterns compared to theoretical patterns using the simple array factor

formula (2-2) show exceptional agreement for two different operating frequencies.

) 2
AF(6) = — sin(Wy 12) 1" e w =kodsind—B,d (2-2)
N2| sin(y/2)

and B, /ky <1 where B,=p+2nrld

5) Experiments showed that there was always some radiation from the source and the end of
the guides and so the ends of the guide were tapered to a point. This seems to be the first and
only time that dissimilar sized tapers have been used in practice.

6) The antenna can be scaled up in size and down in frequency to be compatible with

measurement apparatus. This is important to the present work, since equipment was limited to

6 GHz.
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[27] proposes a dielectric guide situated in a metal trough as a potential solution to loss due to
radiation at curved sections of dielectric guides. They call this structure a trapped-image
guide, as shown in Figure 2.2(d). The propagation constant is found using the effective
dielectric constant (EDC) method, which was described above. The interesting part from the
point of view of the present work is a small section where the trapped image guide has metal
strip gratings added periodically to create a leaky wave antenna. The typical experimental
radiation pattern for this type of antenna shows a beam width of 6.5° with sidelobes -14dB
down, compared to theoretical ones of 6° and -13.5dB using the EDC theory. The high
sidelobes were blamed on the constant strip leading to an exponential aperture distribution.
Finally, the authors state that, if the attenuation by the grating is small, the main beam angle

can be approximated by (2-1), repeated below for convenience

Oy = sin“(kﬁ + -”dij (2-1)
0

where 7 is the number of grating elements, k; is the free-space propagation constant, d is the
grating spacing, 6y, is the main beam angle and f is the propagation constant of the nth space
harmonic. This formula will be used frequently throughout the present work, where new

caveats to its accuracy will be demonstrated, and modifications made.

[28] primarily considers the spacing of the metal strips on the LWA structure, this time an
entirely open structure. The * 1 limits on the right hand side of (2-1) are imposed and
rearranged to give (2-3) and then a modification is also made to guarantee to have only one
space harmonic in the visible range i.e. a single main beam present. The strip spacing must

then satisfy (2-4).

om+1 Wherem=-n (2-4)

No evidence about the accuracy of (2-3) and (2-+4) was provided in the paper. The authors also

present experimental results where the LWA dielectric guide is fabricated to fitinto a
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standard WG26 rectangular metal waveguide for excitation. It is pointed out that care must be
taken to properly match the dielectric rod at the feed, but they do not state how, and that a
sufficient number of strips must be used to ensure that there is little energy at the end of the
rod that can radiate. A larger number of strips leads to a larger antenna aperture and reduced
beamwidth. Finally, they point out that the beam from the strip side of the antenna has lower
gain than the other side. This beam asymmetry has never been mentioned in any other work,

but was noticed in the review of [20], and will be the one of the subjects studied in the present

work.

From the point of view of the present work, the next key paper [29] gives great insight into
practical strip widths. It reports on theoretical and experimental studies of the same LWA
structure as studied by the previous author, but this time mounted on a ground plane. Such a
guiding structure is then commonly known as an image-guide, and is pictured in Figure
2.1(b). The authors experimented with the width and number of strips and report that widths
of <0.2 times the guide wavelength radiate an insignificant amount of energy such that even
50 strips leave energy propagating in the guide. Also, widths > 0.5 times the guide
wavelength radiate too much so that the effective aperture is very small. They also observed
very high sidelobes for the large widths, which is consistent with [30], but suggest that this
might be due to a large impedance mismatch at the first strip. In this case, the guide
wavelength was calculated using the Marcatili method [3 1] with minor modifications to his
formula to make them specific to the trough type of dielectric waveguide. The modified
Marcatili equations were labelled as belonging to the “trough-guide model’ and are given in

Appendix C. Dispersion curves show that the single-mode limit is set by the E;,” cutoff

frequency.

Since the exponential energy leakage along the aperture leads to high sidelobes, they suggest
a continuously varying strip width taper and an associated empirical formula to calculate
these widths. Strip width tapering, and this formula in particular. is considered in Chapter 8 of

this thesis (8-15). The sidelobe levels were claimed to be much lower for the tapered



distribution than the constant strip width. Finally, they state that little benefit was found in
experiments for >18 strips, and that a slower taper and more strips gave similar results. The

guide height is chosen to provide single-mode operation and the width was chosen to interface

to a metal waveguide, for excitation.

In the second part of [29], the authors point out that the H-plane 3dB beamwidth of nearly
180° is too wide for some applications and propose adding a horn type flare along the length
of the antenna to make the pattern more directional, as shown in Figure 2.4. In this case the
dielectric guide was sunk into an open metal waveguide with longitudinal flares. The
optimum flare angle was found to be between 15 and 20 degrees, giving a beamwidth ~ 13°.
Such a structure can be mounted into a metal plane surface without significantly modifying

the radiation characteristics. No theoretical analysis was provided for this modification.

&r

Figure 2.4 Depicts the horn image-guide leaky wave antenna reported in [29], which is effectively the

inset guide with metal flares.

A metal strip loaded dielectric slab was theoretically analysed using a technique referred to as
mode-expansion [32], as used in [24]. The received power versus strip width is shown to be
approximately parabolic, peaking at approximately W = 0.6 4, for either normally incident
wave. Since er = 1, this implies that it peaks at W = 0.6 Ag also. This is close to the peak found
in [29], which was = 0.5 Ag but here the power rolls off smoothly and there is no sharp
cutoff below 0.2 like [29] suggests. Interestingly, the fundamental mode power peaks for an
angle of incidence both around broadside and 25° away from broadside with approximately
half power nulls in between. The method is claimed to be relatively simple and
computationally very fast, but it is only two dimensional and so its accuracy will be

diminished. like the EDC method, as the guide is made narrower.

o
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The same method was also used in [33] in conjunction with the EDC method to analyse thick
metal strip gratings on a dielectric slab on a ground plane. It takes into account the higher
space harmonics as opposed to just the highest amplitude n = -1 harmonic, which determines
the main antenna characteristics. The analysis differs to that for thin strips because there is
effectively a new layer created in the structure; that of the thick strips with an air gap
separating them. The space harmonics are summed for the component E and H fields in the
slab, strip layer and above the structure and then boundary conditions are applied. The
solution is very involved and was solved numerically by computer with nothing said about the
implementation. The method was verified by computing results for thin strips and correlating
them with existing results. The results for increasing strip width demonstrate negligible
change in the real part of the propagation constant but an exponential increase in the leakage
constant. In similar work [34], the authors reported a similar leakage response which peaked
off when the thickness equalled the grating period and at peaked er = 11. However, the
change in the real part was small but not negligible demonstrating a linear increase from fd =
5.7 t0 5.95 as the dielectric constant was increased from 1 to 9, and then a sharp roll off. This
is worth noting, since the present work will consider these high values of er. An integral

equation method was used, with little information to describe it.

Guglielmi and Oliner are two very key contributors to the study of the metal strip-loaded
LWA [35] to [39]. As with virtually all of their work, in [35] they use circuit theory, and the
transverse equivalent network (TEN) procedure in particular to conduct a parametric analysis
of the image guide based antenna in two dimensions and find the dispersion characteristics
needed to design the antenna. They report that the simple network that models the n = 0 and -
1 harmonics must be supplemented with equivalent networks that represent much higher
harmonics when the guide height is small. No experimental results and no evidence about the
accuracy of the technique are provided until the following paper [36] when the agreement for
the same technique and antenna is shown to be good for both a wide guide width of four times

the grating period and a relatively narrow guide equal to a single period.
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Of interest to the present work from the former paper is the linear increase in beam angle up
to about 6° as the strip width is increased up to about a quarter of a period. In [37] and [38]
they apply the same procedure to the inset guide LWA structure shown in Figure 2.2(c) but
with high (metal) sidewalls. The circuit representation is noticeably more complex than for
the image guide and is based on a circuit for the guide itself [17] with modifications to
account for the metal strips [39] by the first author. A direct comparison cannot be made
between these results because they are presented differently. However. they both show a
theoretically large scanning ability and a sharp leakage peak at the frequency for which the
main beam reaches broadside, all without experimental or other verification. The affect of
changing the width versus grating period is studied for the inset guide. The broadside null is
extremely evident for certain widths because, when the main beam is frequency scanned to
broadside it stays at broadside for as much as 200 MHz. For other widths, this null is hardly
evident. Interestingly, the null moves up in frequency as the strip width increases. The
leakage is extremely high over those periods and comparably low at either side. These plots
demonstrate theoretically that the leakage away from the null is very low for very narrow and
very wide strips (0.1 and 0.9 times the period p) and relatively high in between (0.3p and
0.6p). This relationship is shown to be parabolic, peaking when the strip width is half the
grating period. The effect of this quite rapid change in leakage is a rapid variation in
beamwidth as the antenna is frequency scanned. Since this author finds good leakage between
0.3p and 0.6p and the strip spacing period p is often in the order of one wavelength to get a
beam close to broadside, these results correlate closely with those of [29] discussed above. It

therefore seems reasonable to assume that a good working strip width range is between 0.2

and 0.5Ag.

The broadside null problem is further investigated in [37] by the same author and using the
same TEN technique and inset guide model. Here, it is shown that by adding two metal strips
per period and by careful numerical optimisation, the null can be found to be almost

vanishingly narrow. However. the evidence is unconvincing because:
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a. the authors have not compared like-for-like; they compare the null widths of a single strip
of 0.1p with two closely-spaced strips of 0.2p each;
b. in [38] the authors have already demonstrated that vanishingly narrow nulls were found

for various strip widths so there is not enough evidence to suggest that this technique can

reduce the null width.

[30] Models the metal strip grating LWA without a ground plane i.e. on an open dielectric
waveguide. The emphasis of the paper is on showing techniques for achieving low sidelobe
levels, by modifying the normal exponential aperture distribution. The author summarises
available mathematical techniques for this kind of structure without discussing their particular
attributes and then proposes a technique based on Galerkin’s method in the Fourier domain
applied to a waveguide model that allows both uniform and non-uniform waveguide widths to
be evaluated. Sinusoidally varying guide widths and exponentially decreasing widths are
explored as shown in Figure 2.5. A very comprehensive set of graphical results are presented
in the paper, including for the uniform width guide of interest in the present work, with some
comparing theory with experimental results. The claimed benefits of such non-uniform guides

are unconvincing. However, since the method is suitable for uniform guide it is worth

JHlli

Uniform guide,
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Figure 2.5 Top views of dielectric guides with metal strip gratings on surface.

First. the boundary conditions are expressed in terms of a finite number of Floquet space
harmonics for the regions above, below (air) and inside the dielectric guide; enough

harmonics for good convergence. Next, the unknown surface current density along the length
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of the strips is formulated, using the Galerkin method, by defining and expanding it in terms
of known basis functions from [40]. The current is assumed to be constant across the strip
width based on the argument that it is narrow. Then, the unknown coefficients of the space
harmonics are solved for and expressed in terms of the surface current density. Finally.
Galerkin’s procedure is applied in the Fourier domain to give an Eigenvalue equation that is
solved numerically to determine the complex propagation constant. An approximate method
for deriving the radiation pattern from the tangential fields on the plane surface (near fields)
in the Fourier-transform domain is used. The plots show near perfect agreement between the
results using this method and experimental results. The method presented is extremely

complex and would take a very significant amount of time to reproduce.

A large number of results for the uniform width waveguide are directly relevant to the current

work, in particular to Chapter 8 of this work, and so it is worth noting them. The key point is

that it demonstrates that, while many authors ignore it, the strip width does affect the radiation

pattern:

o Shows very minor phase constant decrease with increasing strip width;

e Small linear increase in beamwidth with increased strip width. E.g. the increase is
approximately 3 degrees for an increase in width from 0.236 Ag to 0.55 Ag;

e Linear increase in sidelobe level with increased strip width. E.g. the level increases from
about -34 dB to -17 dB for strip widths between 0.158 Ag and 0.55 Ag;

e Strip width tapering shows about the same pattern as the constant strip width with a

reduction from 6° to 3° (E-plane).

By the same author. in [41], the same method is used to perform a full-wave analysis of the
uniform waveguide with broad guide width compared to height (ten to thirty times the
height). to find the complex dispersion characteristics. The results show that the real part of

the propagation constant rolls off at bevond about ten times the height and that the complex

leaky part rolls off at about twenty times.
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The Marcatili method was used to analyse an electronic phase shifter based on a dielectric
rectangular open silicon guide [42]. The device consists of a PIN diode module is fitted to the
top surface of the guide to change the propagation constant by simulating a metal plane when
forward biased and is proposed for used in millimetre-wave integrated circuits. The
theoretical and experimentally derived phased shifts were compared and reported. The
reported difference between measured and theoretical phase shift was up to about 16%.
However, a significant portion of this error is attributed to the fact the diodes were
represented by a perfect metal wall in the Marcatili equations. Finally, the authors state that in
the transition from the TE;, mode of the metal excitation waveguide to the E;;Y mode of the
silicon guide was made with little probability of a jump to higher E,,,” modes and that this
assumption had worked well in practice. This is interesting because the same theoretical and
experimental setup is used in the present work.

[43] details the rigorous spectral domain approach for computing the complex propagation
constant of the metal strip LWA for the first time. The authors state that the real part can be
obtained with good accuracy using approximate methods like Marcatili’s. The imaginary part
was obtained experimentally by near-field probing but no detail was provided about this. The
results are shown to agree almost exactly with experimental results, except in the sidelobe
region which is blamed on radiation from the feed. This spectral method is extremely

complex and difficult to implement.

A leaky wave antenna made from a Silicon open dielectric guide is proposed as an
electronically steered alternative to slow and expensive mechanically steered antenna for
radar and missile homing applications [6]. The authors recommend keeping the guide
dimensions as large as possible to ease fabrication problems. The maximum and minimum
dielectric guide dimensions were calculated using Marcatili's equations [31]. The guided
wavelength versus operating frequency as calculated by Marcatili’s exact transcendental
equations and his approximate closed-form equation were compared. The approximate

version was shown to converge with the exact version at the highest guide frequencies.



However, since there is no experimental data, there is no evidence to show how accurate these
equations are. However, this rigorous theoretical method demonstrates certain characteristics
and errors that are relevant to the present work:

e A smaller guide cross section provides a larger scan range. The extent of this steering
capability will form part of the present work, and some interesting conditions will be
revealed;

e The theoretical and experimental beam angles were shown to agree only to within about
4° at the high frequency and about 8° at an intermediate frequency. This issue will be
discussed and a correction is provided in Chapter 8 of the present work:

e The guide wavelength was also shown to be out by between 7 and 10% over the same
frequency range for this Silicon guide. Part of the present work will again be to
investigate this error;

e In experiments, an exact broadside beam was found to be difficult to achieve in practice.

The experiments used a test fixture where the silicon guide was tapered at both ends and
inserted in to the copper plate covered mouth of slightly larger frequency compatible metal
waveguide. In the present work, it was found that the copper plate configuration leads to an

undesirably highly selective filter.

[44] Custom made PIN diode modules were fitted to one of the sidewalls of a dielectric image
guide in the same manner as used for phase shifting as in [42]. However, this time the guide
had metal strip gratings to realise a LWA. This structure, depicted in Figure 2.6 (top). gave
10° of steer with full bias. The propagation constant was determined from the measured main
beam angle using (2-1). Marcatili’s method [31] was used to check these values which were
found to be 2% lower than measured. This gives additional confidence in the accuracy of the
Marcatili method, for quite a high dielectric constant this time (~12). The authors describe
how covering individual walls of the dielectric guide modifies its propagation constant and

that these metal walls can be implemented in Marcatili’s transcendental equations.
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Figure 2.6 Fixed frequency beam-steering mechanisms.
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[45] presents an equivalent electronic steering method that uses PIN diodes in the centre of
the metal strips themselves, effectively joining two halves of each strip together when biased
on. The structure is depicted in Figure 2.6 (bottom). A much greater steer angle of 35° is
claimed. The experimental radiation patterns compare very well with theoretical results for
the main beam, where the propagation constant is calculated by Marcatili’s method again.
Another author achieves fixed-frequency steering using a tunable ferroelectric material with a
dielectric constant in the order of er = 19 [21]. The metal strip LWA in the image guide
configuration is implemented and a very high DC voltage (low current) is applied between the
strips and the ground plane to effectively tune the dielectric constant and therefore
propagation constant of the guide. A beam steer of up to 6° was experimentally demonstrated
for a voltage of 0 to 19kVem™. The propagation constant was calculated using the EDC
method and is shown to be only within about 5° of experimental values. Again, the EDC

method appears less accurate than the Marcatili method.

[24] states that periodic dielectric grating (corrugated) waveguides have been analysed for
integrated optics applications for such as beam-to-surface wave couplers, distributed feedback
amplifiers and filters. Since the same physical principles that apply to the couplers also apply
to the analysis of periodic leaky wave antennas, the authors of this paper apply the results
known for the optical counterpart to the design of LWA’s. One main difference between the
optics case and the present antenna type is that the dielectric constant of the latter is much

higher. The image-guide type which has a metal plane on the bottom surface of the dielectric



guide is used to create a LWA. The purpose of the ground plane is to redirect downward

energy upwards.

The authors report that compared to an ideal antenna array structure, radiation pattern

distortions and larger sidelobes reportedly occur as a result of the discontinuities at the ends

of the guide and because the field extends outside the guide sidewalls. Plots are provided to
determine the propagation constant of the grating type antenna. The following characteristics,
which are also relevant to metal strip grating leaky wave antennas were presented:

* The choice of waveguide height will depend on the required tradeoff between fabrication
tolerances and scan range;

* There is an optimum dielectric guide height and frequency at which the radiation will
peak. This is due to the fact the field is mostly travelling outside the guide at low
frequencies near cutoff and entirely contained within the guide at much higher
(unspecified) frequencies and, as a consequence, the field strength at the grating, and
therefore the radiation, is very weak;

* The authors state that the grating period has a determining influence on the propagation
constant of the structure;

e The guide length required to radiate 90% of the power in is one half of that required to

radiate 99%.

In [46], it is claimed that significant conductor loss can occur for the image-guide LWA
configuration. Therefore, in order to improve the efficiency of this type of antenna they
propose placing a lower dielectric constant layer between the dielectric and the ground plane.
Such a technique was already proposed for other structures in [5, 22, 26]. In addition, they
state that reflections occur between the metal strip gratings and the ground plane that distort
the radiation pattern, especially in the sidelobe region. To combat this, they propose a

cancelling technique where the metal strips are mirrored on the back side of the main guide



section. Reflections are then of similar amplitude but 180° out of phase and cancel. This is

shown graphically to almost completely eliminate these reflections.

Of major importance to the present work is a statement by the authors that’s states that the
beam direction depends not only on the spacing as other authors have reported, but also on the
strip width. And, that the radiation leakage depends not only on the strip width, but also on
the spacing. They state that these secondary effects should be taken into account in an antenna
design. The extent to which these secondary effects affect the beam direction was not shown

and will be the subject of investigations in the present work.

(a) good (b) better

Figure 2.7 Dielectric guide taper patterns to improve insertion loss in the metal waveguide to dielectric

guide transition.

Experiments are conducted in [47] on an open guide based LWA for potential use in an
airborne imaging radiometer. The authors not surprisingly point out that the fabrication of two
inch long silicon rods with a cross section in the order of 0.4mm?” was difficult. The rod was
supported in a channel machined in a thick Teflon rod, and a copper clad Teflon printed
circuit board was etched with the strip pattern and placed over the surface. The ends of the rod
were tapered and inserted in a standard metal waveguide. Experiments conducted without
these tapers showed high insertion losses over the frequency range from 206 to 218 GHz,
which decreased from -20dB to <-10dB for a guide width of 2mm or more. The performance
with a taper on the sides of the rod, as per Figure 2.7(a) still showed high insertion loss at the
high end of the frequency range, but tapering all four sides to a point as in (b) levels it to
approximately -+dB over the whole frequency range. In the present work, experiments
revealed the same high insertion loss issue and since HFSS simulations had indicated zero

benefit in tapering and the machining process was difficult. the lower performance was
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accepted. The authors also used the HFSS simulation tool to show that only the dominant

mode had significant power. No further information was provided about the apparent

accuracy of HFSS.

In one of the earliest works on leaky wave antennas [16] reports on an inductive grid antenna
consisting of periodically spaced wires stretched over a slightly curved metal surface in one
model and a printed circuit with the equivalent strip pattern suspended over the surface by
foam in a second model. Although this particular LWA structure is not the subject of the
present work, it is worth pointing out that this was the first time that the aperture distribution
had been tapered in order to minimise the sidelobe level and decrease beamwidth. In that
case, the curvature of the surface with respect to the wires or strips was used to achieve this.
The TEN technique was used for the study and experimental results showed almost perfect
agreement over a wide frequency range. Earlier, in [29] a simple taper expression was
reported based on experimental evidence for the metal strip LWA of interest. Also, since the
authors of [35] had showed that the leakage rate varies strongly as a function of the ratio of
strip width versus grating period, they also make a statement that the distribution could
theoretically be controlled by varying the ratio accordingly along the length of the antenna.
The author’s of [48] give some insight into how this might be achieved in practice; first
choose the required aperture distribution and then determine the changes necessary to the
antenna geometry to obtain the required leakage and maintain the real part of the propagation
constant at the same value in each unit cell. They do not report on how the geometry should
be modified in this case. However, in [49]. the same author provides a full account, including
a table listing the geometry in each unit cell. This time, the author uses the mode-matching
and EDC methods so that the effects of incorporating the higher space harmonics can be
demonstrated compared to using only the n = -1 harmonic. These results demonstrate that,
although this rigorous method accurately determines the shape and position of the main beam.
according to experimental results the sidelobe region cannot be predicted with any degree of

accuracy even when many harmonics are included and state that only a moderate
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improvement in sidelobe level is found when the geometry is modified to control the aperture
distribution. Control of the aperture distribution is one of the subjects of Chapter 8 of the
present work, which also argues that the author of [49] appears to have made a mistake that

perhaps contributed to the lack of improvement reported.
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3.1 Introduction

The previous chapter, which is a review of previous works, necessarily presumes certain
background knowledge. This chapter is included to add additional context for the chapters
that follow and includes a brief review of some key background material. The latter will help
the less familiar reader to cut through the large amount of terminology associated with this

subject.

3.2 Antenna classification

3.2.1 Familiar leaky-wave antennas

The LWA comes in many forms, some of which might be familiar. The wire and rhombic
antennas could be classified as two such examples. Periodic-slotted and longitudinally -slotted
hollow metal waveguide antennas are also relatively well-known examples. From about the

late 1970"s and for around a decade. the dielectric waveguide-based leaky-wayv ¢ antennas,
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particularly dielectric grating antennas, became the subject of a certain amount of interest.
These dielectric guide based antennas became interesting because the metal waveguide based
versions are known to suffer from undesirably high conduction losses at millimetre-wave
frequencies and are relatively difficult to manufacture with smooth surfaces and internal
dimensions in the order of less than a few millimetres. In general, the dielectric waveguide
structure is suited to these frequencies because they are low loss and, being of solid

construction, are easier to manufacture than their hollow metal counterparts.

3.2.2 Causing the leaky-wave structure to radiate

Radiation from the LWA structure is caused by disturbing or “perturbing’ the travelling wave
field. For the wire-based versions this is caused by bending the structure. For waveguide-
based structures, this is achieved by varying the cross-section either continuously or
periodically, or causing an abrupt change to the boundary conditions. For the type of LWA
under study here the air-dielectric boundary is changed periodically by adding conducting
sections. These are usually fixed to the wide surface of the rectangular dielectric guide so that
they are as long as possible, to minimise the H-plane beamwidth and maximise the directivity.
Equally, these could have been dielectric groove gratings but the dielectric grating version has

already been well documented [1].

length
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Figure 3.1 Basic metal strip grating leaky-wave antenna (LWA)
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3.2.3  Travelling-wave antennas

The antenna of interest in this work fits into the category of travelling-wave antennas along
with surface-wave and log-periodic antennas. The class of travelling wave antennas are
similar to linear dipole arrays in a great many respects, but instead of each element of the
array being excited individually, they are excited by a wave travelling down the guiding
structure from a single source, exciting each element in term. In both cases, the goal is the

same; to form an aperture illumination along its length.

3.2.4 Waveguides and waveguide based antennas

The earliest waveguide based LWA were the uniform or periodically slotted metal guides.
These have the same antenna characteristics as the dielectric waveguide based versions i.e.
narrow E-plane beamwidth, wide H-plane beamwidth and frequency scanning capability.
Since only part of the energy within the dielectric guide is radiated per unit length by the
elements, the rest being bound within the guide, this provides an electrically long antenna
with a large effective aperture, and the resultant high E-plane directivity. In addition to its use
in antenna work, the dielectric waveguide, or dielguide as it is sometimes known, has also
been shown to be useful in millimetre-wave integrated circuits, phase-shifting, optical

periodic couplers, material measurements and antenna applications at these frequencies [2] to

[5].

3.2.5 Advantages of using dielectric waveguides for antennas

Another principal advantage of the dielectric waveguide over the metal version is that the size
of the guiding structure can be scaled down by increasing the material electrical permittivity.
also called dielectric constant er. This is enabled by virtue of the fact that the wavelength
within the dielectric guide /g is reduced with respect to the operating wavelength Zo. In
general. when /o is greater than the guide cross-section, which is usually at the low
frequencies at which the guide is still useful. much more field travels outside the guide than

inside and /g ~ Z0. The opposite is true at the high frequencies and when the one or more of
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the dielectric guide walls are metalised; and then /g < lo. There is also a material / er
dependency. It was discovered in the current work that a dielectric guide with an er ~ 2 is
essentially equivalent to the metal waveguide guide in terms of its geometry and working
frequency range, but this and the other guide characteristics change rapidly above two.
Simplifying the actual quantification of Ag under all these circumstances will form a
significant part of the current work. This will effectively enable the user to understand the
tradeoffs and to choose and characterize a dielectric guide suited to the application. Another
interesting attribute of the dielectric guide is the inherent weather protection, and the low cost

offered by some dielectric materials.

3.2.6 Main beam scanning

One of the most interesting LWA attributes is the ability to steer the main beam angle by
changing the operating frequency. This is generally referred to as frequency scanning and, for
the LWA under study here, the scanning takes place in just one plane, the E-plane. In the last
chapter, it was revealed than other authors had reported beam-steering at a fixed frequency. In
all cases, it is the modification of the guided wavelength with respect to a fixed radiating
element spacing that redirects the beam. Beside the most obvious visual physical differences
between the three travelling-wave antenna types, part of what differentiates them from each
other is the extent to which the main beam can be directed between the backfire direction and
the endfire direction (same direction as the forward propagating wave), and this in turn
depends upon whether the wave travels faster or slower than the free-space propagation
constant. In general, the LWA radiates along its entire length with a bound-wave travelling
slower than the free-space propagation constant and the beam may be pointed anywhere
between the backfire and endfire directions. In contrast, the surface-wave antenna only
radiates trom its source and termination in the endfire direction, with the wave travelling

faster than the free-space propagation constant [6].



3.3 Waveguide modes and propagation constant

The solid dielectric waveguide supports a finite set of waveguide modes, like its hollow metal
counterpart. The main attribute of interest associated with each mode is its propagation
constant, which can be broken down into real and imaginary components usually known as
the phase and leakage constants respectively in dielectric guide theory. When the strips are
added, the wave is perturbed and an infinite spectrum of radiated spacial harmonics is

generated, per mode, with different amplitudes.

3.3.1 Mode expansion

The fields of a periodically perturbed dielectric waveguide can be expanded into a discrete
spectrum of normal (proper) modes, which exist within the confines of the guide (bound) and
propagate without attenuation, and a continuous spectrum of spatial modes which represent
the radiation outside [7,8]. The boundary conditions are such that the normal modes propagate
without attenuation, whereas the spatial ones decay exponentially toward infinity. In addition,
and in contrast to the metal waveguide, additional discrete modes termed ‘improper’ represent
the various leaky waves supported by the structure. In this case, the associated fields grow in

magnitude away from the structure, hence the label.

3.3.2 Propagation constants

From traditional metal waveguide and transmission line theory, it is well known that the
propagation constant is given by y = a + jf where a is the attenuation constant and j# is the

complex phase constant.

However. in dielectric antenna theory there is an equivalent: k¥ = - ja where & is the
propagation constant or wavenumber along the longitudinal axis. The latter can be
decomposed further into a complex propagation constant when considering radiated spatial
harmonics resulting from the periodic perturbation ot each guided mode (wave):
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Here, the z axis has been chosen as the direction of propagation, £, is the phase constant of
the fundamental bound mode, d is the metal strip spacing and » the number of the nth spacial
harmonic. It was shown in Section 2.7 that the n = -1 harmonic is the main radiating
harmonic, with additional harmonics radiating at significantly lower amplitudes and existing
in pairs e.g. 0 and -1 [8] and only in the vicinity of the near field. The additional harmonics
have been shown, at least theoretically, not to affect the main beam angle found from the -1
harmonic [9]. However, the same author demonstrated theoretically how the designed
sidelobe level for a Taylor amplitude distribution beam pattern is raised and degraded
compared to a very nice -1 pattern when the additional harmonics are taken into account. Of
paramount interest, the same author also reveals that an experimental version appeared to be

no better than a design with no sidelobe level control. No further elaboration was given.

3.3.3  Neglecting the complex part of the propagation constant

When strips are added, the excited wave attenuates as a constant along the length due to
radiation. This is the leakage constant, also commonly termed the attenuation or decay
constant and denoted by a. This constant is what makes the wave and its associated
propagation constant complex. This attenuation can be made to vary along the length of the
antenna to effectively control the aperture distribution and the associated radiation pattern.
This type of non-uniform distribution has been the subject of study by previous authors as

presented in the previous chapter.

Other authors have shown this complex part to be extremely low compared to the real part
[10]. In this work, a simplification is used such that the imaginary part is zero, and the term
propagation constant is used throughout this work except where it is necessary to mention the

component parts. Technically, the notation would be k=, but this is shortened to 4= throughout

this work.



The present author provides some new formulas in chapter 8 for a non-uniform distribution
that effectively allows the phase and leakage constants to be considered separately. Only the

dominant phase part, which is significantly easier to estimate, is computed in this work.

3.3.4  Relationship between key attributes

It was discussed above in general terms how the guide wavelength Ag is related to the size of
the dielectric guide and the material er. The guide wavelength is of course normally related
directly to the propagation constant £ = 27/ Ag. However, in this work it will be demonstrated
that this relationship becomes invalid when k is made to vary within the wavelength. For this
antenna work the total phase change over a give length of the dielectric guide section between

adjacent metal strips become the most important attributes.

3.3.5 Mode field containment and cutoff frequencies

According to Marcatili [4], for a rectangular dielectric waveguide of finite dimensions, the
field distribution is partly contained within the waveguide and extends partly outside. These
are non-radiating fields of proper bound modes. For any of the bound modes, the associated
wave becomes unguided when the field extends to infinity outside of the guide. Under these
circumstances, there is negligible field inside the guide. This occurs when the longitudinal
propagation constant (kz) of the guide equals the free-space propagation constant (ko) and the
frequency at which a wave becomes unguided is known as its cutoff frequency, or mode
cutoff when considering a specific waveguide mode. This field containment was shown
earlier in this chapter to be the cause of the variation in guide wavelength, which of course is
related to the propagation constant. Equally then, the modes cut off when their guide

wavelengths increase to equal the operating wavelength.

3.3.6 Modes, harmonics and main beams

An important point that is rarely mentioned is that radiation is leaked for every spacial
harmonic associated with every bound mode that propagates down the guide. This means that

multiple main beams might cxist at different angles according to the propagation constant of
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each mode, and spurious beams might exist according to the propagation constant of each
spacial harmonic of each mode. Such a situation would not make a good antenna, since the
power would be spread thinly. For this reason, a single beam is the normal requirement and
requires that only the lowest waveguide mode propagates, common phrased as ‘single-mode
operation’. As in metal waveguide theory, this condition is achieved by limiting the operating
frequency to a point below which the first higher mode (or modes) is completely cut off,
leaving only the lowest ‘fundamental’ mode to propagate.

The guide dimensions also have to be chosen to be compatible with the operating frequency.
Since there is a direct relationship between the guide dimensions and that cutoff point, the
dimensions may also be chosen so that only the fundamental mode can propagate [11]. In this
work however, it will be assumed that the frequency can be limited, as in practical cases,

eliminating the dimensional constraint.

3.3.7 Floquet modes and grating lobes

Although, for LWA based on most types of dielectric guides, the spacial harmonics cannot be
prevented they can fortunately be put out of range by careful dimensioning. This means that
even after careful choice of the guide dimensions to ensure single-mode operation, it is still
possible for multiple significant and unwanted beams to exist. Since the n = -1 harmonic has
the highest amplitude, it is normal to dimension the antenna and direct the beam based on just
that harmonic [8]. Then, to prevent the higher harmonics from radiating the operating
frequency must limited to limit the guide wavelength or propagation constant. These special

harmonics are strongly related to grating lobes which will be treated later in Chapters 4 and 7.

Floquet developed an extremely useful mathematical expansion of the waveguide modes into
a fundamental mode and an infinite spectrum of harmonics. These harmonics, also commonly
referred to as ‘spectral harmonics’, “leaky modes’ or ‘Floquet modes’ and are used in the

mode-expansion method by other authors. as described in Section 2.7.
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3.3.8 Dispersion relations

The proper and improper modes, which together represent an expansion of the fields. have an
associated propagation constant kz. This is determined from the dispersion relation, also
called characteristic equation, for the structure at a given operating frequency. The derivation
of the dispersion relation is extremely difficult because the superposition of the contributions
from the continuous spectrum cannot be solved in closed form [4]. However. if only the far-
field representation is taken instead, only the single dominant leaky wave mode is needed to

adequately describe the radiated field [9].

3.3.9 Methods for deriving the dispersion relation

A number of approaches, all of them very challenging and tailored to an individual type of
structure, have been used to derive the dispersion relation or the propagation constant directly.
The main ones associated with this type of LWA were described with the work of other
authors in Chapter 2. Two of these methods will be elaborated on here because they are
directly related to the current work. They are interesting because they derive the dispersion
characteristics and demonstrate the field intensity of the modes for unperturbed rectangular
dielectric waveguides respectively. The relative simplicity of the second method has lead to

its widespread use, including throughout the current work.

3.3.9.1 Method by Goell

Goell used a circular harmonic analysis and point-matching to solve for the modes of a
rectangular dielectric waveguide and produced diagrams showing the relative field intensity
of the first few waveguide modes over the rectangular cross-section [12]. For the fundamental
mode that is of most interest in this paper, the highest field strength is concentrated in an oval
section around the centre of the rectangular cross-section as depicted in Figure 3.2(a), with

rapidly decreasing intensity outside that region.
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If the area around the guide cross-section is divided up as in Figure 3.2(b), where region-1
represents the guide cross-section, it is immediately obvious from this example that the field
intensity is lowest in the corner regions 6 to 9. Now, if the interface is considered between
regions 1 and 2, it can be seen that the field strength is relatively high. Of course, the actual
field strength at any point will depend on the excitation amplitude and the operating

frequency as described earlier.
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Figure 3.2 (a) Depicts E11¥ mode field intensity (darker is higher intensity), (b) boundary regions of the

rectangular dielectric guide.

3.3.9.2 Method by Marcatili

Marcatili solved Maxwell’s Equations in closed form to find the approximate transmission
properties of rectangular dielectric waveguide structures [4]. The boundary conditions cannot
be matched simultaneously in the x and y directions in the corner regions, thus making the
solution for the fields extremely complicated. To solve this, those regions are ignored and the
solution becomes approximate with its accuracy increasing with operating frequency as the

field is better contained.

Marcatili also assumes that a symmetrical and sinusoidal field distribution exists in the guide
material region 1, on both the x and y axes, while the field is assumed to attenuate
exponentially in regions 2-5 away from the guide. The solution is therefore developed by

solving only for the interfaces between these four remaining regions and their boundary with

region 1.

Using these assumptions, Marcatili developed a pair of transcendental equations (3-1),

organised in terms of the transverse propagation constants, which describe the rate of change
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of phase along the x and y axis. The nomenclature used by Marcatili for these constants is &,
and k, respectively. The solutions &, and k, are found in terms of the width (a) and height (b)
of the rectangular dielectric guide cross section, and in terms of the difference between
dielectric constant(s) between the guide and its surrounding material or materials. The four
sides may individually form a boundary with a different material but in this work it is

assumed to be air since the guide will be used for a standalone antenna.

Although the transverse constants provide great insight, especially to quantify the distance
that the fields penetrate outside the guide walls, the most useful quantity derived by this
method is the longitudinal constant, here denoted by k,. This can be found simply using (3-2)
once k, and k, are known. For the well-guided case defined in his paper, where most of the

field is confined inside the dielguide, closed-form expressions are also provided.

k k
k,a=pr—tan”" (—x—j - tan_l(—xJ
kx3 ka

k k
k,b=gm—tan"!| —— |-tan”!| —2 (-1
Y grkyz grky4
5 05 , 05
where 1 B and 1 :[L] 2
ky3s Ass y ks | Axa
and Ay3a5= /
T 2¢(E, —52,3,4,5)0'5
2
k, = \/kozgr — kx2 - ky2 where k, = _ci (3-2)

where a and b are the dielectric waveguide width and height, p and q are the mode numbers, f is the
operating frequency and c is the speed of light and 2,3,4,5 are the region numbers opposite the four

dielectric guide walls shown in Figure 3.2.



The method is also generalised so that it can solve for the propagation constants of any proper
mode, including the fundamental and any of the higher modes. According to Marcatili, the
rectangular dielectric waveguide structure supports pseudo TEM modes, where the largest
field components are perpendicular to the direction of propagation. He has grouped these
modes into two families and given them the nomaclature E,,* and E,;', where p and ¢
represent the number of extrema of the electric and magnetic field in the dielectric guide in
the x and y directions respectively. The main field components are Ex and Hy for the £,
family and Ey and Hx for the E,;” family. As an example, £;;" and E,/ represent the
fundamental modes of the rectangular guide. E;, is depicted in Figure 3.2(a). The next higher

modes are £,y and E,/ for the y-polarised case, and so on.

Marcatili compares the results of his approximate method in a set of dispersion plots with
those of Goell, who used the exact method. One of these plots is reproduced in Figure 3.3.
The cutoff occurs when kz = k, for any of these modes. It can be seen that ignoring the corner
regions has resulted in an error for the fundamental E;; mode cutoff frequency between points
G and M, but this error decreases with increased operating frequency and Marcatili’s results
start to show good agreement with Goell’s about half way toward the end of the single-mode
frequency range, labelled G’. Point G’ represents the value of &, when the E,; mode starts to
propagate at point G*’according to Goell. The difference is about 5% between Point G*” and
point-M*’ which are the Goell and Marcatili E,) cutoff frequencies respectively. Since the
Marcatili method will be used in the present work, the propagation constant will only be
computed up to the Goell cutoff by limiting the upper frequency to point G’ instead of M™".

In other words, the propagation constant will only be computed along the dark line from point

M to point G’.

The Marcatili E-, error will be eliminated so that the method will be accurate at the more
useful higher single-mode guide frequency range. The comparisons by Marcatili of his results

with those of Goell show excellent agreement for well guided case and good agreement
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elsewhere. Experimental results by other authors have confirmed these expectations
[5,11,13,14]. The method is useful for experimenting or a preliminary design, and arguably
for a precise design because modern EM structure field solver software makes it possible to
quickly tune the model to compensate for any error. This process would be required even if a
more rigorous and time consuming method was utilized. Perhaps more due to the relative
simplicity of the method, Marcatili’s equations have been used and validated by numerous
authors through experimental work on both microwave and millimetre wave leaky-wave

antennas and phase shifters [3,5,11,13,14] amongst other things.
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Figure 3.3 Dispersion plot for a rectangular dielectric waveguide (gray curves Goell, black curves by

Marcatili transcendental equations, dashed curves by Marcatili closed-form approximation formula).
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4.1 Introduction

The main purpose of this chapter is to demonstrate some of the key results found as a result of
many hundreds of simulated leaky-wave antenna (LWA) models. These results will serve as
an introduction to specific effects that are investigated in the subsequent chapters of this

work.

It is prudent to mention here at the beginning that it was found to be near impossible to find a
working leaky-wave antenna model by trial and error modification of geometry and guide
materials. A relatively significant understanding of the design process was required because a
working design falls between strict and quite narrow bounds. Further, even when the
supporting guide geometry has been carefully designed for a particular material, the variation
in antenna characteristics can still vary quite markedly. For example, some models gave
unpredictably very high directivity in the order of >40 while some were low in the order of
<<10 despite having almost identical beamwidths. The directivity was also found to vary
significantly as the main beam was scanned. After running many simulations for many
structures with different geometries. materials and frequencies, it became very clear that the

effective aperture e is extremely sensitive to parametric changes.
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4.2 High Frequency Structure simulator (HFSS)

HFSS is a three-dimensional electromagnetic structure software simulation tool with a
schematic input. It uses finite element analysis to solve for the fields and has a range of
different outputs. The outputs include graphical visualisation of the radiated fields or power.

and some basic numerical results including S, and peak directivity.

The 3D LWA models, each consisting of a scale rectangular guide with scale rectangular
strips were constructed in the schematic editor. A new model had to be created or modified
from an existing model where appropriate to realize parametric changes to the dimensions.
For example, to simulate a different strip width or different guide dimensions, a new model
had to be created for every case. The simulation results from tens of antenna models are
summarised on a small number of graphs in this chapter, where each point represents a single

simulation or model.

4.3 Initial simulation model and results

The initial simulated LWA model was based on [1] but without the horn flares. Small changes
in the strip spacing and dielectric constant er were made to capture the change in radiation
pattern. The results, shown in Figure 4.1 demonstrate the expected main beam steer towards
endfire 0° with advance in strip spacing d or er. These patterns reveal some interesting trends:
1. The original er = 2.47 model, which is the only model that works within the single-mode

range of the guide, has 2 to 3 times lower gain than the higher er overmoded models;

to

The main beam radiated from the strip-covered guide surface (0° to +180°) has lower
magnitude than the beam radiated from the opposite back side surface. This asymmetry
was pointed out in [1] but to the best of this author’s knowledge has never been
investigated. However, it will be investigated in the present work;

3. The half-power beamwidths remain relatively constant for each value ofdaseris
increased:

4. The onset of grating lobes is apparent as d or er is advanced.
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Figure 4.1 Simulated E-plane radiation patterns for LWA parametric study with varying strip spacing d

and material dielectric constant er. The E-plane is the YZ or 6-plane seen from the side of the antenna.

4.3.1 Correct way of expressing leakage

There is no obvious explanation for the sudden increase in gain, and obvious increase in
aperture efficiency with er. Other authors have reported that the beamwidth is controlled by
the strip leakage [2]. Assuming that is the case and since the beamwidth is essentially
constant, then the leakage must be constant. This is not surprising since the physical strip
width is a constant in this model. It implies that the leakage is geometry dependent, but er-

independent. It is interesting that many previous authors, knowing that the leakage is a



function of the strip width, express the strip width in electrical terms as a fraction of the very
er-dependent guide wavelength Ag e.g. [1]. Other authors use W/d to express the relationship
between strip width and leakage [3] to [5], which is purely physical and from the present

simulation results appears to be the most appropriate way.

4.3.2 Aperture efficiency and directivity

Antenna theory gives a simple way to express a variation in gain or directivity gain for a
constant physical aperture; the effective aperture is the product of aperture efficiency and the
physical aperture. Figure 4.2 demonstrates the typical H-plane beamwidth valid for any
combinations of er and 4. The beamwidth is relatively constant, with only a few degrees
variation. The beamwidth variation is more noticeable in the E-plane patterns for a change in
d, implying that d has some influence on the aperture efficiency from a beamwidth point of

view, and significantly more influence than er.

The physical aperture on the strip and back sides of the LWA also appear to have different
efficiencies, the former seeing much more variation than the latter judging by the amplitude
asymmetry of the respective main beams. In general, this asymmetry increases significantly
with both an increase in d and er (not shown), although later it will be shown that further

increases cause the asymmetry to increase and decrease in a cycle.

0.9 _— 2mm

0.8 er=247 increasing d

Relative main beam magnitude

| * 1
-180 -135 -90 -45 0 45 90 135 180
degrees

Figure 4.2 Typical simulated H-plane radiation pattern for LWA parametric study with varying strip

spacing d and material dielectric constant er.

e



This chapter will also demonstrate that it would not be possible to have a single aperture
efficiency for this antenna in the same way that it is possible for other tvpes of antenna [6].
Instead, the efficiency will vary significantly with just about any small parameter change.
This can also be proven very easily by deriving the efficiency from the standard formula: D,
= na‘A,,(47r//102) for the main beam directivity for any of the plotted patterns, where D, is the
directivity gain, 7, is the aperture efficiency, 4, is the physical aperture size and A, is the

operating wavelength.

4.3.3 Overmoding

The models of er = 3.5 and higher have been simulated above the single-mode frequency of
the guides. It is interesting that all these models see a step increase in gain over the er = 2.47
model which is simulated within its single-mode frequency range. [2] has stated generally that
the field intensity around the gratings peaks somewhere between the low frequencies. where
the field extends well outside of the guide walls, and the very high frequencies where it is
well contained and guided. These simulation results tend to suggest that the field intensity at

the strips is closer to its peak value in the overmoded models.

Radiation at the endfire angle 0° is also noticeably reduced for the overmoded models,
presumably due to the fact that these models are radiating more efficiently in the upper and

lower hemispheres.

4.3.4 Appearance of grating lobes

The approximate physical limits that prevent higher special harmonics from radiating
undesirable grating lobes have already been defined in [7,8]. The latter author’s formula was
given in chapter 2 as (2-4). A study by the present author tested these formulas by comparing
their results with the appearance of grating lobes in radiation patterns generated using the
usual antenna array factor (2-1) for the same physical and electrical characteristics. The

derivation of such characteristics will be the subject of further chapters.



These results are compared with the simulated radiation patterns of Figure 4.1 where, for the
er = 2.47 case, the grating lobe can be seen appearing at -180° when the spacing is increased

to d = 3.2mm. The main beam is at -86° in that case.

The Marcatili method was used to derive the normalised propagation constant, giving 1.1927.
Plotting the radiation pattern, shown in Figure 4.3, using the array factor shows that the
grating lobe starts to appear when the spacing reaches d = 3.255mm with the main lobe at
86.4°, almost identical to the simulation result. This main beam angle itself can be found

using the well-known formula (2-2) and n = -1.

4.3.4.1 Testing accuracy of existing grating lobe formulas

The formula presented in [7] and reproduced below as (4-1) is a simplification of (2-2) and
finds the spacing d that produces a grating lobe with magnitude equal to the main beam. It is
derived by solving for d when (2-2) = -1 and using » = -2 and gives a value of d=3.355mm at
81.5 GHz. This result is also plotted in Figure 4.3 for comparison, where a problem becomes
apparent; the grating lobe that (4-1) predicts actually started earlier for a lower spacing value,
making this formula inaccurate. This occurs because (2-2) and its simplification (4-1) only
predict maxima. The difference in main beam angle between the grating starting to appear and
reaching full magnitude is only 1.9° in theory for this example. Figure 4.1 demonstrates quite
clearly that the grating lobes never really become maxima per-se. It therefore appears prudent

to tackle this error and so this will be done in Chapter 7.

Ao g P for py>3

kﬁﬂ kﬁ—

0 0
A9 <d< 24 for f/ky <3 (4-1)
—’bi+1 £+l
ko ko

where f is the propagation constant of the fundamental E;; mode.
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Figure 4.3 Theoretical E-plane radiation pattern computed using linear array factor formula (2-1)

showing onset of grating lobe and full magnitude grating lobe for the er = 2.47 model.

The second formula (2-4) compensates for the inability of the first formula to predict the
spacing for the early appearance (onset) of the grating lobe by adding an arbitrary margin.
However, the present author found that this margin overcompensates quite severely, giving d
= 2.516mm as the maximum spacing without a grating lobe appearing, which is almost 23%

lower than simulated.

Comparing theory and simulation results shows almost perfect agreement for the pointing
angle of the main beam at the onset of the grating. However, the theoretical strip spacing is
almost 5% higher than simulations suggest. It is the present author’s opinion that this error is

due to the fact that the theory does not incorporate the strip width.

This appears to be the first time that the inaccuracy of these existing formulas has been
demonstrated. While these errors are quite small, it will be shown in Chapter 8 that the beam
angle error increases significantly under certain circumstances like higher values of dielectric

constant. and a new correction formula will be provided that incorporates the actual physical
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strip width and strip spacing. This will use a new average value of propagation constant to
take the finite width of the strip into consideration, which can be entered into any of the well-

know formulas like (2-2) and (4-1).

4.3.5 Broadside null effects

Additional models were created and simulated with smaller incremental strip spacing to
discover how the directivity values change. The resultant patterns shown in Figure 4.4 tend to
suggest a smooth parabolic looking change but with a notch or null around the broadside £90°
angle. From these two samples, it appears that the notch is both quite shallow and narrow in
the overmoded er = 3.5 case, but gives ~50% attenuation in the er = 2.47 case. The latter case
also gives some indication that the attenuation is held almost constant for some considerable

period below the broadside angle.

Other authors have demonstrated the effects of this null on the leakage constant. In particular
[2] shows that an almost step change theoretically occurs within about 1° of broadside (91° or
-1°) and then increases slightly more slowly so that the leakage is restored to about the
original value at approximately +3° to +4°. It appears that, within that region of change, the
beam angle is held at broadside. Other authors have presented techniques to reduce the null
depth or width [9,10] and have presented alleged improvements on leakage or beam angle
versus frequency plots. This appears to be the first time that this effect has been presented for

the radiation pattern of a leaky-wave antenna.
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Figure 4.4 Sample E-plane radiation patterns versus strip spacing demonstrates reduction in directivity

for main beams around the broadside angle +90°.

4.3.6 Varying the strip width and operating frequency

Additional models were created with various strip widths, constant strip spacing, and the
same dielectric guide geometry as previous models. The effect on the directivity can be seen
from the results shown in Figure 4.5 for three frequencies near the limits and middle of the
single mode range for the er = 2.47 guide and in Figure 4.6 for frequencies in the upper half of
the er = 15.8 frequency range. The lower of the two er = 2.47 plots simply shows the results
for models with a smaller width increment so that the curvature could be captured more
accurately. This kind of curvature can be safely assumed for the other results. A notch is
evident in the results for both models at 74 GHz and 5.6 GHz / 5.8 GHz respectively. By
cross-reference with Figure 4.7 and 4.8 which show the variation in simulated main beam
angle versus strip width, it can be seen that the directivity notches are due to the beam passing
through the broadside null angle, where it remains for all the narrowest strip widths. At 5.6
GHz, the beam only passes within say 8° however the notch is very evident in its directivity

curve. Interestingly, only the wider widths seem to be more affected by the null according to
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these results, even though the narrowest widths clearly generate the same broadside beam

angle.

4.3.6.1 Strip width and frequency versus directivity gain

[1] on which the model is based declare that the highest gain is found for a strip width of
W=0.4Ag with < 0.24g widths leading to poor radiation and > 0.5Ag widths reducing the
effective aperture (implies that the radiation would be poor). It is perhaps not surprising then
that the response shown for the same frequency of 81.5 GHz leads to very similar

conclusions.

However, the same declarations, which have been well-cited by other authors, including in
text books [7] do not appear to apply quite as well to the higher and lower frequency results.
For example it appears that the gain is continuing to increase even at W=0.551g at various
frequencies. This is also despite the fact that the physical strip width is narrower at that point
than at the lower frequencies, because the guide wavelength is lower. The leakage has been

shown by other authors to be strongly frequency dependent and dependent on W/d [10].

4.3.6.1.1 Optimum strip width

The present results also tend to verify the frequency dependence on the leakage. Moreover.
given the variations shown in Figure 4.5, it appears that the highest possible operating
frequency is the key to achieving maximum gain along with a wide physical strip width I17/d =
0.5. Interestingly, this is the same optimum ratio as reported for the dielectric grating type
LWA [2]. It is relatively straightforward to optimise with ratios around 0.5 using a simulation
tool like HESS. The very high directivity of the overmoded models also tends to reinforce the

indication that a high operating frequency is important to achieving high gain.
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Figure 4.5 Simulated directivity gain versus strip width for three frequencies in the single-mode range.
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Figure 4.6 Simulated directivity gain versus strip width for frequencies in the upper half of the single-

mode range for the high dielectric constant model.

4.3.6.2 Strip width and frequency versus main beam angle

Figures 4.7 and 4.8 demonstrate a very important point as far as this work is concerned: the
main beam is quite a strong function of the strip width. The main beam moves in the endfire
direction as the strip width is increased. For the er = 2.47 model, the change in main beam

angle over the range of strip widths is in the order of ~6°. The rate of change is slightly more
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than fours times more at ~21° for the higher er = 15.8 model. These rates equate to about 2°
and 7° per 0.1Ag of strip width respectively. It is easy to see that neglecting the strip width in
a LWA design where the strip width might typically be ~0.5Ag would appear to be a grave
error, but some authors have done exactly that [1,11,12]. There appeared to be an opportunity

to quantify these variations for any model and this will be done in Chapter 8 of this work.

A key observation is that, for the 74 GHz and 5.8 GHz frequencies where the main beam
reaches broadside, the beam remains at broadside for the narrowest strips. It is not clear
whether this effect is a function of the broadside null width and the unaffected wider strips
just happen to steer the beam outside of the null region, or if the wide width simply
overcomes the broadside null effect. Although the former explanation seems quite credible,
the fact that the wide strips appear to draw the beam away from broadside also seems more
than a coincidence. Further experiments with a strip spacing adjustment to move the main
beam of the wide strip width models through broadside could verify which explanation best

fits this newly found behaviour.

4.3.6.3 Strip width and frequency versus asymmetry

The strip side to back side beam magnitude asymmetry is a strong factor of both strip spacing
and material dielectric constant, as already mentioned. Figure 4.7 and 4.8 demonstrate the
simulated variation in asymmetry with strip width and frequency, for the low er and high er
models. The variation of asymmetry with strip width is very minor at < 10% in most cases
and only about 20% in the worst case. However, the asymmetry varies strongly with
frequency. The change in asymmetry with frequency is extremely significant for the high er
model, reducing by ~70% even though only the upper half of the single mode range has been
used. The low er model shows an average of ~35% change over its entire single-mode range.

It is not apparent what might cause this difference. In general, the asymmetry is highest at the

highest frequencies.
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Figure 4.7 Simulated beam angles and strip-side to back-side beam magnitude asymmetry versus strip

width for three frequencies in the single-mode range.
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Figure 4.8 Simulated beam angles and strip-side to back-side beam magnitude asymmetry versus strip

width for the high dielectric constant model.

It is interesting to see that for the two frequencies 74 GHz and 5.8 GHz where the main beam

passes through the broadside null and stays there for a period, the results appear to show that
the change in asymmetry with strip width sees the largest variation. This is certainly the case

for the er = 2.47 model, but it could simply be a coincidence that it happens for both models.
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This does raise an interesting possibility: since the variation in beam angle with strip width is
mostly zero at broadside but varies elsewhere, and the asymmetry varies at broadside but is

mostly constant elsewhere, then these effects are potentially complementary.

4.3.6.4 Strip width and frequency versus beamwidth

The E and H-plane radiation patterns are shown in Figures 4.9 and 4.10, primarily to
demonstrate the beamwidths and associated effects. The rapid movement of the main beams
over the frequency range can also be seen clearly. The interesting observation in the E and H-
planes patterns is that they become essentially strip width independent close to broadside, but
at slightly different frequencies in each plane. It is also interesting that in the E-plane pattern
at 6 GHz, the beams representing the different strip width models appear to have their trailing
edges stuck at broadside, implying that the null is still taking effect at angles less than
broadside. The beamwidths appear to be widening with strip width at the same frequency. The
interesting observation in the H-plane plot is that it is essentially omnidirectional at the lowest
frequency, and becomes increasingly less so as the frequency is increased, until eventually the
classic figure of eight shaper is achieved where the nulls between the front and back side
lobes are deep. These effects were not found for the er = 2.47 model, perhaps because the

main beams were far from the 0° and 180°limits.
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frequencies for the high dielectric constant model.
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4.3.7 Effects of position of first strip

Using the same er = 2.47 and 3.5 models as a basis, new models were created and simulated
with the position of the first strip, the start spacing, varied from the starting end of the guide.
The resulting effects are presented next in Figures 4.11 to 4.13, where the vertical lines are

spaced at half the guide wavelength.

4.3.7.1 Main beam angle

Of obvious interest is that angle cycles between two limits by about £1° and apparently with a

period approximately equal to one guide wavelength Ag or at twice the frequency.

4.3.7.2  Input reflection coefficient

Si1 also cycles as the start spacing is increased, between similar limits for all three basic

models. In all these cases, it cycles at almost precisely half the guide wavelength.

4.3.7.3 Asymmetry

The ratio of strip-side to back-side main beam magnitudes also cycles, although not so
clearly, at the same period as the guide wavelength. It is interesting that the two models for
which the asymmetry is given are for two different dielectric constants. The er = 2.47 model
has low directivity gain compared to the er = 3.5 model, which is overmoded as pointed out
earlier. It is interesting then that the asymmetry is low for the low gain model and much
higher for the much higher gain overmoded model, although this could be coincidence. The
strip-side beam has as little as < 20 % of the magnitude of the back-side beam in the latter
case. In Figure 4.8, this same level of asymmetry was seen at the high frequency for the er =

15.8 model. The asymmetry therefore appears to increase with increased frequency.

4.3.7.4 Directivity gain

The directivity also cycles with increasing strip spacing and. in addition. it gradually reduces

in amplitude in all three models. This time, the period is not very clear, and appears to be

different for each model.
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4.4 Conclusions

To the best of this author’s knowledge, this is the first time that these start spacing effects
have been presented or even investigated. There is no obvious theory to support the effects,
especially their cyclic nature. The decrease in directivity as the strips are moved down the
length of the guide might suggest that the guide itself is losing energy. However, since the
models had zero dielectric loss, this tends to suggest a reduction in aperture efficiency instead.
Limited experiments were conducted as verification and these will be reported in Chapter 9

where it will be shown that such a cyclic change in S;; was found in practice.

The asymmetry effects seen in this chapter have not been studied before and the mechanisms
associated with its causes are unknown. The effects are simply reported here without offering
any explanation. The key influences on the asymmetry were found to be primarily operating
frequency. In general, at the lowest frequencies it is almost symmetrical and at the highest
frequencies there is > 5:1 asymmetry. The asymmetry also varies strongly with changes in
dielectric constant and strip spacing. Its variation with strip width and start position is minor
in comparison. This is quite puzzling because if the variation was large with a change in strip
width, the effect could have been associated with leakage. However, as it stands, there
appears to be no other explanation. The existence of the main beam asymmetry is also proven

in practice in Chapter 9.

These simulations also demonstrated how sensitive the directivity is to parametric changes.
This time however. the impact of the strip width was shown to be very important. A high
operating frequency was again shown to be important. It was found that the directivity could
be maximised for any given model by setting the strip width and gap between the strips to be
approximately equal. The general response for directivity versus strip width was found to be
very parabolic around this peak. Despite this, large directivity variations were found between

models. 1t is thought that this is a function ot the guide dimensions, material and operating
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frequency, and that some combinations give good overall leakage while others do not.
Perhaps the most important point about this is that it appears to be both possible and valid to
treat the strip width and spacing on the guide surface separate from the guide itself as far as
optimum leakage is concerned. However, this assertion must be validated and is discussed in

Chapter 10 among the further recommendations.
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5.1 Introduction

5.1.1  Rectangular dielectric waveguides
Unlike their hollow metal rectangular waveguide counterparts, the solid rectangular dielectric
waveguide has no standardised specification chart listing the guiding characteristics such as
guide dimensions, frequency range, fundamental mode cutoff and power handling capabilities
etc. In the dielectric guide case, all these parameters are highly material dependent [1];
therefore such a table would have to have one set of characteristics for every material. and
every standard guide size. In addition, since the standard guide dimensions only really apply
to metal waveguides and not to dielectric guides, there would be a potentially infinite number
of sizes and therefore entries in a hypothetical specification chart for dielectric waveguides.
There are also many other possible dielectric waveguide types/structures, in addition to the
simple rectangular rod of dielectric material, commonly known as an ‘open’ dielectric guide.
Other simple dielectric guide types can be produced by covering one or more of the dielectric
guide walls with conducting planes, thereby partially ‘closing’ the guide. Each type would
have to have its own unique specification table, again, with a potentially infinite number of
entries.
5.1.2  Analysis and numerical methods
When beginning a new design using a dielectric guide, the engineer of course would need to
have many of these specifications at hand. Determining suitable guide dimensions for a
particular target operating frequency or frequency range, for example, and for a given
material and guide type, is an essential task that will be extremely difficult and cumbersome
for the uninitiated, and tedious and time-consuming at best for the expert. The methods
available to obtain such information include [2-24]:

e Transverse resonance method:

e Spectral harmonic expansions:

e Mode expansion method;

¢ Method of moments.
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[t is certainly possible to program these methods for a given structure, but it would be an

extremely time-consuming programming task, perhaps taking many months to complete.

53.1.3  Dispersion plots

For a very limited number of guiding structures there exist dispersion plots that will allow the
designer to find an approximate size and material permittivity combination for one of those
structures at a given frequency [8, 13, 14, 25-27]. If the designer knows how to read such
plots, this will potentially help to reduce the number of design cycles with the code. Such
plots normally furnish the normalised longitudinal propagation constant, one of the most
important guide characteristics used in this thesis. The plots quantify this for any given
material permittivity (dielectric constant) and size, but most published plots are based on a
fixed frequency, guide material and size and are therefore of no use unless one of them
happens to match the new requirements. Other, more generic, dispersion plots of the type
published in [28,29] are also available, but in practice, despite being much more flexible in
terms of guide size and frequency, are specific to a particular guide material dielectric
constant (permittivity) and surrounding material ratio. If the surrounding material is free

space, these plots become material specific and so again, have limited use.

5.14 Finding a size and material compromise

Ultimately, the designer will need to choose a material, out of the finite number of suitable
and available types with satisfactory physical and electrical characteristics, and form it into a
size such that the design frequency falls well within the valid frequency range for those
dimensions. Alternatively, the engineer can work the other way around and choose a material
that meets particular maximum size requirements and meets the frequency requirements
simultaneously. In practice, even if the code exists, without the guidance of suitable
dispersion plots, the designer will spend a great deal of time running the code to in an iterative

and potentially extremely time-consuming manner to try to find the best compromise of size.

material and guide type.
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The guiding characteristics of dielectric guides have not been presented before
comprehensively covering many possible combinations of sizes, materials and guide tvpes in
a simple format where the reader can immediately see their geometric and material. Perhaps

this is because there are a theoretically infinite number of possible combinations.

5.1.5 Objectives

A good understanding and, in particular, the ability to quantify these dependencies are
essential prerequisites to finding a working compromise suited to a new dielectric guide based
design. This is of course the case for the dielectric rectangular guide based leaky wave
antenna (LWA) which is the primary focus of this thesis. Therefore, in the current section, the
objectives are to first find and quantify the dependencies, and then to find a better way to
present them such that the final product simplifies and shortens the design cycle for finding a

suitable dielectric guide configuration for any application, including the LWA.



5.2 Computing the guide characterisitcs

5.2.1 Overview

The derivation of the guiding characteristics of a dielectric waveguide is significantly more
difficult to solve than for the metal waveguide because the fields spread outside the guide
walls (dielectric/air boundaries). As pointed out earlier, available analytical and numerical
methods are extremely rigorous and time-consuming to develop so an approximate method is
chosen. The method by Marcatili [28] is a well-known approximate method that is specific to
rectangular dielectric waveguides, which are of interest in this antenna work. The method is

easier to program than rigorous methods, but still challenging.

Although the Marcatili method, introduced in chapter 2, was conceived to aid integrated
optical circuit development, it is equally suited to electrical frequency problems, including the
microwave region and the full region in between. The method has been shown to provide
enough accuracy to serve as the basis for real designs with dielectric waveguides, as proven
by a great many journal paper authors since its publication in the Bell Labs Journal in 1969
[13, 25, 26, 30, 31]. Here, it will be used to carry out this parametric study to investigate
various unperturbed rectangular dielectric waveguide structures and determine their geometric

and material dependencies.

5.2.2 Computing the frequency range

In a real design with a dielectric waveguide, one of the most important characteristics
required is the possible working frequency range. Of course, this information is essential to
ensure that the required operating frequency or range and a particular guide or guide design
are compatible. This range is dependent on the polarisation of the wave and the waveguide

modes under consideration: therefore these conditions are defined first.



53.2.2.1 Choice of polarization

In this work, the Y-polarised case, where the primary component of the electric field is
orientated along the Y-axis (see Figure 3.2), will be primarily considered. It is assumed that
the guided wave is travelling along the length of the guide, along the positive Z axis. Only the
fundamental bound waveguide mode is considered because this is known to excite the modes
that radiate [27, 30]. This latter selection was made because the primary interest is in the
application of guides for antenna designs. The guide will be excited by a standard metal

waveguide or horn, which inherently supports both X and Y polarisations (by rotation).

5.2.2.2 Dielectric waveguide modes

The nomenclature first used by Marcatili and now in common use will be used to identify the
individual waveguide modes. Only the first radiated mode E;,” is of interest, which has one
field maximum approximately centred along both the X and Y axis, which are aligned with
the guide width a and height b respectively. Additional ‘higher’ modes can be excited by
frequencies above the required frequency range. For antennas, these higher modes, E,j, Ej,,
E,, and so on, lead to the generation of additional (undesired) beams. It is desirable therefore
to stay within the frequency range for which only the E;; mode is excited and the point up to
where the first higher mode begins is commonly referred to as the single-mode frequency
range. The frequencies at which the higher modes start to propagate are termed "cutoff’

frequencies.

5.2.2.3 Enforcing a low frequency cutoff

Although sometimes suggested otherwise in literature, there is no defined fundamental E,,
cutoff because the fundamental mode never cuts off in the same definite manner that the
higher modes do. However, as the frequency is lowered well below the first higher mode
cutoff for any given dielectric guide, the field spreads outwards such that the field intensity

within the guide walls is lowered and the field outside is increasingly susceptible to
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disturbance by surrounding objects. Under such circumstances, the wave is often referred to
loosely as being ‘poorly guided’. Further, at some indefinable point, the fields become
evanescent [17]. Since such conditions represent uncertainty and poor guiding performance,
to avoid these conditions an E,; cutoff frequency will effectively be defined and enforced and

then simply referred to as the low frequency throughout this work.

5.2.2.4  Useful single-mode range

The Marcatili formulas do not give the correct results under the poorly guided conditions
described above [31]. Instead, they produce a definite cutoff for the E;; mode. This is
considered an advantage here and will be chosen as a suitable point for the definition of the

minimum useful low frequency of the available dielectric waveguide frequency range.

It is common knowledge that the limit of the single mode range is the onset of the next higher
mode (E,; in most cases). It can be determined directly from the Marcatili dispersion plots for
the types of guide under study here, that his method finds the first higher mode approximately
5% high, even for large differences between the guide material permittivity and the
permittivity of the surrounding material [28]. Therefore, it was decided to eliminate this error
and define the high frequency of the single mode range as 95% of the Marcatili value. The
low and high frequency points defined here will be assigned the labels fL and /H from here on
and the region in between will be described as the useful single-mode frequency range fL to

fH for each guide sample.

5.2.2.5 Reducing the problem space

Focusing on practical and specific sizes and materials, and types of guiding structure allows

this potentially infinite problem to be reduced to a finite one that can be solved using the

latest personal computer equipment.
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5.2.2.6 Practical constraints

At lower frequencies e.g. < 1GHz the guides begin to get physically very bulky. In practice.
some materials might be difficult to manufacture beyond a certain size, are not obtainable in
large sizes, or simply might be expensive, too heavy or both. At high millimetre frequencies,
there will come a point where small sizes are difficult to cut with acceptable tolerance, too
fragile, or have too many imperfections for example. In this study, it was decided to work in
terms of the dielectric constant or electrical permittivity rather than with specific materials
and do not set sizes limits. It will certainly be the case that not all values of permittivity will
be furnished by the actual materials available, but no particular values will be excluded on
that basis. It is feasible that an artificial material can be made with any value of intermediate

permittivity, although the cost of doing this might be prohibitive in practice.

The assumption is made, as with all work cited in this thesis, that the guide material is
lossless. This has proven to be a safe assumption provided that the conductivity loss, usually
referred to as the tan-delta loss (electrical version) is negligible i.e. less than about 0.001. It is
assumed that if this condition is met by the material that the results presented in this work are

valid for that material.

5.2.2.7 Types of guiding structure

In waveguide terms, the guide size is defined as the dimensions of the cross section. Usually,
the width of a rectangular guide section is given the label a and the height is labelled b. This
same nomenclature will be used throughout this thesis. Of course, there are a theoretically

infinite number of possible cross sections as pointed out already.

A number of different tvpes of dielectric guide structures that are amenable to the
mathematical treatment that will be used here. and also suited as the basis of a LWA design,

will be considered. It should be noted that the final choice of structure might in some cases be
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motivated by the mounting environment, as opposed to its guiding characteristics. For
example, if the guide is part of an antenna that has to be flush-mounted onto an aircraft body,
it might be necessary to choose the ‘inset guide’ structure which has only one open guide
wall. This choice will prevent the guiding characteristics from being modified when fixed in
place onto the metallic body. After completion, one would use the code to obtain guiding or
radiating characteristics for each sample input and, eventually. converge on a size, material

and structure that best meets the requirements.

5.2.2.8 Materials

A suitable material, in this case, is one that has low enough losses at the design frequency to
meet the performance requirements, while meeting all other requirements; for example,
mechanical and environmental requirements. A practical range of dielectric constants with
integer number values from 2 to 16 were chosen for this study. This range covers most
practical non-magnetic materials that can be used up to millimetre wavelengths, as can be

seen from Table 5.1 [32].

Table 5.1 Low-loss materials suitable for use at millimetre wavelengths.

Loss factor er

Teflon (PTFE) 0.0006 2.08
PTFE-glass 0.0009 2.17
Polyethylene 0.0006 2.26
Quartz-Teflon 0.0006 2.47
Polystyrene 0.0012 2.54
Fused quartz 0.00025 3.78
Boron Nitride 0.0003 4.40
Sapphire 0.0001 9.0

Alumina 0.0001 9.8

Silicon 0.00001 11.8
Gallium arsenide 0.001 13.2
Magnesium titanate 0.0002 16.1

The same dimensions as standard metal waveguides (internal dimensions used with width a

and height b) were used in this initial stages of the study, for reasons that will be explained

later in Section 5.2.4.3.



5.2.3  Programming task

The transcendental Marcatili formula were programmed in Matlab to solve for the frequency
range and longitudinal propagation constant kz, for this range of dielectric constants (integer
values) and the range of guide cross section sizes. Deriving this information for a basic open
dielectric guide with no metal sidewalls was used as the starting point for the study. The
Matlab program listing is given in Appendix A. Aspects of its implementation will be

discussed in the following sections.

From a practical point of view, in order to find £z, one must first choose a guide size, structure
and material and then find the working frequency range. Or perhaps more likely, find a
suitable guide size, material and structure combination (compromise) to suit a required
operating frequency or range. The Marcatili method may be used to select a suitable dielectric
waveguide by repeatedly solving the transcendental equations to find the fundamental mode
E; and first higher mode E, cutoffs for increasingly smaller guide sizes and for one or more
materials i.e. practical values of dielectric constant (permittivity) er, until a suitable
compromise is found. The useful working frequency range for any guide falls between these
cutoff frequencies, and each occurs when &z for the respective mode is equal to the free space
propagation constant ky where ky = 2rfy / ¢. These points can be found for each sample size
and material by repeatedly solving for 4z at an increasingly higher operating frequency until
kz < ky. The associated pseudo code, also provided in Appendix A, will help to reinforce an

understanding of this procedure.
5.2.4 Computed frequency range

The resulting curves for 7L and fH versus er are shown in Figure 5.1 for three different size
guides first of all. These curves are made up from the results of the computed high and low
frequency cutoff’s for each guide size and integer value er combination. For example, Figure
5.1 contains sixty-six points, consisting of 3 types x 2 points x 11 values of dielectric

constant. Each sample converges to a minimum of 10 MHz accuracy. which at least 1%



accuracy for the largest guide sizes (the larger of which will likely only ever be used in metal
form to deliver signals to antennas on warships), and typically better than 0.1% for the

smaller, more practical sizes that might be used for antennas running at frequencies of say > 5

GHz.
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Figure 5.1 Shows the approximate working frequency range (fL to fH) for a selection of rectangular
dielectric open waveguides over a range of dielectric constants. The guide dimensions are the same as

the internal dimensions of standard (WG) metal waveguides.

5.2.4.1 Frequency range results analysis

The material dependencies for each guide size can be seen from this plot. The main points to

note are that:

e As the reader might understand intuitively, the frequencies at which any of these guides
will operate increases as the waveguide cross section size is reduced (from WG16 to
WG20 to WG25 size), and vice-versa.

e For any given size, the frequencies at which it will operate decreases with an increase in

er, and vice-versa.



* The guides are more broadband at the lower half of the er scale, and vice-versa. This
decrease appears to be extremely rapid below &r = 2 (not shown) and at the other end of
this er scale it sees diminishing returns, demonstrating an overall exponential decay.

e The smaller guides are much more sensitive to a change in ¢r, and vice-versa.

This type of information cannot be gained from inspection of the Marcatili formulas, or by
inspection of any other method, and it is important to understand it to aid in the selection of a
suitable guide size and material for use at a given operating frequency (or band). Of course,
the plot is of limited use since it only shows results for three specific guide sizes; however,
the intention is only to demonstrate the material dependencies. It should also be pointed out
that in some cases it might not be possible to find a material with a specific er that will work

with low enough losses over the frequency range defined here.

5.2.4.2 Frequency range coverage

One of the most interesting features of the dielectric waveguide is the ability to scale the
guide down in size by choosing a higher value er material, while supporting the same
frequency. This feature can also be seen directly from Figure 5.1. For example, the guide
made of material with e = 2 that operates up to approximately 30 GHz can be replaced by a
smaller guide of r greater than about 6, depending on the actual operating frequency or range

required.
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Figure 5.2 Useful frequency range for a selection of different size open dielectric waveguides. Diagram

Inset shows the frequency overlap for two samples.

5.2.4.3 Utilizing standard sizes for dielectric guides

Because the standard set of metal waveguides cover the full frequency spectrum from a few
gigahertz to a few hundred gigahertz, and also cover a full spectrum of physical sizes, it is

interesting to look at how the same size dielectric guides would fill this same spectrum.

A good way of visualising this is with the new type of plot shown in Figure 5.2. Here, the
computed useful single-mode frequency range has been plotted for integer values of er, and
for a contiguous range of these guide sizes. Each size is labelled according to the label used
by its corresponding metal guide size. From this plot, it is easy to see the material dependency
on the frequency ranges for all these sizes. In particular, it is possible to immediately see how

the many different alternatives, for any given frequency or range.



5.2.4.4  Special case for low values of permittivity ~ 2

The dielectric waveguide of er ~ 2 presents an interesting case; the useful frequency range is
approximately the same as the equivalent sized standard metal waveguide. It is therefore easy
to find its approximate frequency range from the metal guide standard specification chart.
However, this is not the case as er is increased; the same size dielectric waveguide can be
seen to work at progressively lower frequencies and a progressively narrower useful guide
bandwidth. A smaller dielectric waveguide size may be used to compensate for the frequency
reduction yielded by choosing a higher e material. In these cases, there is no lookup table and

the determination of its characteristics requires the type of analysis carried out in this chapter.

5.2.4.5 Example: using alternative guide sizes

Figure 5.2 (inset) shows how a WG16 size Teflon dielectric waveguide of er = 2.08 that
covers almost the whole X-band frequency range of its metal counterpart can be substituted
by a much smaller WG22 size guide made from Silicon of er = 12. This would only cover the
upper half of the X-band, but its cross-section would be 285% smaller. An interesting side
note however is that, in this example, the guide wavelength also increases by 15%. This
implies that the guide length might also have to be increased by 15% if it has to be the same

number of wavelengths long.

5.2.4.6 Justification for using standard sizes

Although it is known that there is no such thing as a standard dielectric waveguide, for
reasons which should now be apparent, the adoption of the exact same sizes as the standard

metal waveguides (with aspect ratios in the order of 2:1). can be justified in a number of

Ways:



* Having a standard enables a level of commonality and re-use;

* Because the single-mode frequency range for er ~ 2 is approximately the same as that of
the same size metal waveguide, it can be excited by simply inserting one end directly into
a metal coaxial to waveguide adaptor or a horn antenna [26, 27, 33-36].

e These sizes are well known, cover a very large range of physical sizes, and conveniently.
already have standardized labels e.g. WG25;

e The sizes, in conjunction with a range of materials (and material dielectric constants), can

cover the same frequency spectrum as the complete set of standard metal waveguides.

5.2.5 Slight variations in guide aspect ratio

An important feature of standard metal guides, that is not immediately obvious, is the fact that
some of the internal cross-sectional dimensions have an aspect ratio (width a x height b) that
deviates slightly from the majority 2:1 aspect. It was found that the guides in any standard
metal guide specification table actually share six different aspect ratios from 2:1 to 2.47:1,

with the large majority at exactly 2:1.

Further analysis determined that these slight deviations in the aspect ratio were the main cause
of the slight offsets between the curves seen in Figure 5.3. Figure 5.4 highlights the impact of
the precise aspect ratio by displaying only the curves for the guide sizes that have an exactly

2:1 aspect. Here, the small deviations along the smooth line are due to very minor differences

in convergence for each solved guide size.

5.2.6 Useful guide bandwidth
The plots presented so far have demonstrated that the dielectric guide working frequency
range, which is between the low frequency curves and high frequency curves, reduces as er is

increased and vice-versa, as shown in Figure 5.3. For a large selection of open dielectric

5-15



guides that again use the same internal cross section dimensions as standard metal

waveguides.

1.6 T T T T T T T v T 5. T

1.5+

)

1.4

AL

1.3 4

1.2 A

Guide bandwidth (

1.1 4 -

1.0 T g T X T

8 10 12

L8]
B <
o -

Dielectric constant (= )

Figure 5.3 Shows the guide bandwidth (fH / fL) for a large selection of dielectric open waveguide sizes
over a range of dielectric constants. In all cases, the guide dimensions are the same as the internal

dimensions of standard WG metal waveguides i.e. with aspect ratio between 2:1 and 2.47:1.
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Figure 5.4 Shows the guide bandwidth (fH / fL) for a large selection of dielectric open waveguide sizes
with exactly 2:1 aspect ratio, over a range of dielectric constants. In all cases, the guide dimensions are

the same as the internal dimensions of standard WG metal waveguides.
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This range will be referred to in this work as the useful guide bandwidth and is quantified in
the usual way as fH / fL. So, from Figure 5.1, it can be seen for example that for a dielectric
guide material with er = 2 (e.g. Teflon, er = 2.08), the high frequency is approximately 50%
higher than the low frequency. In this example, the guide is of course referred to as having
50% bandwidth. The other standard bandwidth notation used in practice normalises with

respect to unity to give 1.5/ 1 in this case, as expressed in the Figure 5.3.

It can be seen that for high values of er like Silicon (~12), the bandwidth is only a little over
20% higher than the low frequency, or 20% bandwidth. For a guide or antenna designed to
operate at a single frequency, the guide bandwidth might not be very relevant in practice.
However, if the guide is to serve as the basis of a frequency scanning antenna, the bandwidth

capabilities, and the choice of material, is likely to be very important.

Also of interest in this plot is the offset between the curves representing the different guide

sizes used in this part of the study. This will be discussed in the following section.

5.2.7 Antenna bandwidth

While discussing the dielectric guide bandwidth, it is worthwhile discussing the bandwidth of
a dielectric guide based antenna; these two characteristics are related in this case. In theory,
the bandwidth of the antenna could equal the guide bandwidth. However, the elevation angle
of the radiated beam from this type of antenna is primarily controlled by the exact operating
frequency, the material dielectric constant and the distance between perturbations [1.32]. It
can only radiate over a limited part of the upper two quadrants above the perturbed guide
surface. Under certain conditions then, it is possible that the antenna bandwidth could be
slightly less than the guide bandwidth. What is really meant by this is that it might not be

possible to utilise the entire guide bandwidth in practice. This situation will be described later

in this chapter.



5.2.8 Computing the propagation constant

The next thing to be studied is how the longitudinal propagation constant kz is affected by the
same geometric and material values. This parameter, which is related to the important guide
wavelength Ag of the dielectric guide by (5-1), can be found by computing Marcatili's
transcendental equations for a given waveguide size, dielectric constant and operating

frequency, as introduced in Chapter-3.

k=<2 (5-1)

The same range of dielectric constants and waveguide sizes that were used in the frequency
range analysis above were used in the present analysis. The choice of operating frequencies
for calculating the propagation constants were chosen to be the limits found for the useful
single-mode frequency range just determined for each size and e» combination because this
will then highlight the limits of 4z, and so the limits of the guide wavelengths. From the
antenna point of view, this will set the limits of frequency scanning range, as will be seen in

an example shortly.

5.2.8.1 Propagation constant results analysis

Matlab was again programmed to compute the results, which were then plotted for analysis. A

selection of the resulting curves is shown in Figure 5.5. The following points can be observed

from these:

e The rate of change of phase in the longitudinal Z-direction (kz) is higher for smaller
waveguide cross-sections, and vice-versa;

o The guided wavelength (Ag), which is the distance over which the phase undergoes one
complete 360° or 2n radians cycle is therefore correspondingly shorter;

e k- decreases with an increase in ¢r, and vice-versa,
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* For each size, the slopes of 4z at each end of the frequency range are approximately the
same;
e Each pair of slopes is approximately equidistant apart over the whole &r range;

* The range of 4z is highest for the smallest guide size, and vice-versa.
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Figure 5.5 Shows the approximate longitudinal propagation constant range (kzfL to kzfH) for single

mode over a range of dielectric constants.

One of the most interesting observations to be made here is that, although the frequency and
kz plots look very similar in terms of the pairs of slopes for each size guide, while the
frequency pairs converge at high er, the kz pairs remain approximately equidistant over the
full er range. This demonstrates that the change of 4z between the low and high frequencies

(kz, to kz) is essentially constant and independent of er.
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5.3 Normalising the guide characteristics

5.3.1 Review

The plots presented thus far are useful from the point of view of visualising the size and
material dependencies on the propagation constant, frequency range and bandwidth etc.. but

they are of limited use because they are only valid for the three sizes shown.

Attempts were made to normalise the computed data to try to bring the associated curves
closer together and deriving a reasonable (rough, if necessary) curve fit that fits a larger range
of guide sizes. Different normalization factors to those used by other authors were applied to

these curves.

5.3.2  New normalizing factors: frequency x guide height

This author has found that by multiplying the high and low frequencies found using the
Matlab program for a large selection of dielectric guide sizes by the guide height essentially
produces two guide height independent curves. One of these curves represents the normalised
upper frequency fH and one representing the normalised lower frequency 7L of the useful

frequency range, as shown in Figure 5.6.

5.3.2.1 Resulting normalized frequency curves

It is evident from inspection of this plot that although many of the curves representing the
different guide sizes do overlap, others deviate slightly above or below the two main curves as
was seen in Figure 5.3 earlier. Further analysis showed that these curves are again aspect ratio
dependent (most of the curves overlap because the majority of the standard metal guide sizes

use a 2:1 internal aspect ratio for their rectangular cross sections).
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Figure 5.6 Shows the normalised frequency range (fL x b to fH x b) for a large selection of rectangular
dielectric open waveguide sizes over a range of dielectric constants. Here, the dimensions are the same

as the internal dimensions of standard WG metal waveguides i.e. approx 2:1 aspect ratio.
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Figure 5.7 Shows the normalised frequency range (fL x b to fH x b) for three specific dielectric open
waveguide sizes over a range of dielectric constants. Here, the effect of the slightly different guide
aspect ratios can be seen. The aspect ratios are: WG16 - 2.25to 1, WG20 - 2.47 to 1, WG25 - 210 1.



The curves for three specific dielectric guide sizes are also plotted in Figure 5.7, to
demonstrate this deviation for the same six aspect ratios as used above. Note the change in
order for the WG16 and WG20 sizes. The normalisation process has put them in order of

aspect ratio as follows:

Size Aspect
WG25 2.00:1
WG16  2.251
WG20 2471

This makes sense, since the curves are now guide height independent, and the guide width is
all that separates them. In any case, this means that provided the width of the guide is chosen
to give one of these aspect ratios, then the cutoff frequencies for any height open dielectric

waveguide can be found from this plot.

5.3.2.2 Alternative normalizing factors

The same normalisation process was also applied to the guide width a instead of height 4 but
the results showed that the curves deviated even further from those for the 2:1 aspect. In this
normalised figure, is still possible to see most of the important dependencies demonstrated by
its unnormalised version. Similar attempts were also made to make the curves aspect ratio
independent but these attempts were unsuccessful. The resulting curves from some of these

other normalisation attempts are included in Appendix B.

5.3.3  Other considerations

It is also worth pointing out that mechanical robustness and cost may influence the decision
on which material to use in practice. For example, although it might be possible to make the
1.88 mm Silicon guide, it might be that there are doubts about its robustness in the

application, or the that larger Teflon option is more desirable because it is cheaper to

manufacture.
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5.3.4 Fixing the aspect ratio

To the best of the present author’s knowledge, this is the first time that the useful frequency
range versus ¢r has been presented in this height independent format that has immediate
practical use. It will be useful for quickly determining the range for any material with any
value, including non-integer values, of ¢ in the range 2 to 12. This has only been possible,

because the aspect ratio has been fixed.

Of course, only a limited number of aspect ratios have been used so far but the following
sections of this chapter will derive and present guide-height independent guide characteristics

for additional aspects and additional guide types beyond the simple open tvpe.

5.3.5 Examples: using the normalized frequency plots

A set of examples will serve as an illustration: Find the single mode frequency range for a
WG2S size dielectric guide made from Silicon with a permittivity of er = 12. From Figure
5.8, fL*b ~ 4.2 x 107 and fH*b ~ 5.3 x 10’. Since the guide height for a WG25 is known to be
1.88 mm, the range is computed as 22.34 to 28.19 GHz. Comparison with Figure 5.1 shows
that these values are approximately correct. What if Teflon is used instead with ¢r =2.5?
From Figure 5.8, /7L*b ~ 8.8 x 107 and fH*b ~ 1.3 x 10°. The new range is therefore 46.8 to
69.15 GHz. How can the Teflon guide be resized to work at 25 GHz? Take the same fH*b
value and solve for b by dividing by 25 GHz. This gives b = 5.2 mm. Equally, this could have
been solved for b with fL =25 GHz to get 5 = 3.52 mm but, as will be seen later. it is better to

operate close to the guide’s high frequency because the wave is better guided than at its low

frequency.

To further highlight the flexibility of the new method, the example could have been presented
the other way round by finding the frequency range for a Teflon guide and then demonstrating

that the guide dimensions can be reduced by using Silicon instead. Alternatively, suitable



combinations of e and guide height could have been found for a required high or low
frequency, and then the most suitable option could be chosen or optimized. The following
section attempts to normalise the propagation constant data and curves in a similar manner to

that carried out for the frequencies.

5.3.6  Traditional propagation constant normalizing factor

Traditionally, the longitudinal propagation constant 4z, which quantifies the rate of change of
phase of the travelling wave propagating through the material, is normalised with respect to

the free-space propagation constant k.

Since &z is frequency dependent and the valid frequency range is proportional to the
waveguide cross section and the dielectric constant, then it is valid to normalise the values of
kz with respect to the free-space propagation constant in this study (i.e. kz / k, ) still allows the
goal of demonstrating and quantifying the material and size dependencies of the dielectric

guides to be met.

5.3.6.1 Computed results

Naturally, since the low frequency fL is taken in this work as the point at which kz = k, then
kz / k) =1 for all guide sizes and er. The normalised kz values found at the high frequency fH
are therefore greater than one. These were found for each sample directly using a slight
modification to the Matlab program to perform the division by &, and store the new results.
The results are plotted in Figure 5.8 for the same selection of guide sizes used earlier. The
curves are again guide height independent, even though this time the height is not part of the
normalisation factor. However. these values are calculated purely at the frequency range

limits. and they are guide height dependent. In other words, the guide-height dependence is

built in to the particular value of = / k.
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Figure 5.8 Shows the normalised longitudinal propagation constant for a large selection of dielectric
guides at the two ends of the useful single mode frequency range (fL and fH ) and over a range of
dielectric constants. Here, the guide dimensions are the same as the internal dimensions of standard
WG metal waveguides.
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Figure 5.9 Shows the normalised longitudinal propagation constant at the high frequency of single

mode operation (fH), for a selection of dielectric guides using all six standard aspect ratios.
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Immediately then, from this plot, it is possible to get a reasonable estimate for the value of iz
for any dielectric guide height, any intermediate frequency, and any er. for a guide with one
of these standard aspects (additional aspects will be covered in the next section). The
operating frequency that defines the value of &, takes the high frequency value fH of the
useful single mode range for the upper curves and fL for those at unity. The values of /L and
fH were defined and plotted earlier, and must be found first in order to find the value of k= /
k,. The normalisation by k&, as used here is not new, but its material dependence has not been

presented in this practical manner before.

Not surprisingly, when the aspect ratios are precisely the same e.g. 2.00:1, the curves
representing the different guide heights overlap perfectly, and those aspects that differ have a
slightly different slope in the same way as seen before. The affect of the slight difference in
aspect ratios is clearer from Figure 5.9. Note from the curves the large jump from 2.25:1 to
2.47:1 and the associated space between these two curves. It appears from this plot that the

change in kz / k, versus aspect is approximately linear over this small range of aspect ratios.

5.3.7  New propagation constant normalizing factor: kz x b

An alternative to the traditional normalisation factor for £z is developed next. Even though it
is unconventional, the propagation constant will be normalised by the guide height in the
same manner as done for the frequency range i.e. the f*b plots. This is done with a view to
enabling the designer to find a value of &z based on the guide height rather than the working
frequency i.e. k*b. By finding such a quantity for the same guide samples, the designer can
use it to trade off the guide height and value of kz. The chosen guide height can then be used
to find the frequency range. The advantages of the resulting plot of Figure 5.10 and the
associated procedure will be demonstrated in an example later in this chapter. For example. it
could be that the designer has already found the frequency range and height compromise but

then decides to fine tune the value of &z then subsequently found. perhaps to fix the guided
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wavelength at the nearest integer value. It is interesting that the Y-axis turns out to have units

of Radians, but this fact offers no real benefits except for its use as a relative quantity.
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Figure 5.10 Shows the new alternative normalised longitudinal propagation constant at the limits of the

single mode frequency range for a selection of dielectric guide sizes with slightly different aspect ratios.

5.3.8 Examples: using the normalized propagation constant plots

Find the range of 4z for a WG2S size guide made of Silicon with er = 12. The WG2S size
is known to have an aspect ratio of 2:1. In the last example the frequency range was found to
be approximately 22.34 to 28.19 GHz which corresponds to a range of &, from 468.21 to
590.82. From Figure 5.9, kz / k, = 1.83 for the high frequency (always unity for the low
frequency), giving an associated range of kz of 468 to 1081 rads/m. This corresponds to a
range of guide wavelengths (Ag) of 13.42 mm and 5.81 mm respectively. According to Figure

5.5, these values are quite accurate.

In the above example, it was not necessary to specify the guide dimensions. These were
defined earlier and the frequency range was derived based on those dimensions. The chosen
material er is also carried forward with the associated frequency range. The only way to

modify kz or Ag if that were a requirement, would be to go back and change the ¢ and



dimensions, and to then recalculate based on the new frequency range (it is assumed that this
will be similar, but not exactly the same). This procedure will have to be carried out

iteratively many times until the required value of &z is achieved.

The new normalisation method affords an advantage in this respect. With this method, the
guide size can be altered immediately for the required value of kz. The approximate range of
kz can also be immediately read off without knowledge of operating frequency. as can the

range of achievable phase shift (kz times the distance in metres).

5.3.9  Rate of change of propagation constant

Given that the ratio of antenna array element spacing to guided wavelength (Ag = 2n/ kz) sets
the beam angle, of interest for frequency steered antenna designs is the amount of change in
kz that occurs over the useful guide frequency range. This will be measured over 1 GHz to

give a relative measure of this change for each value of material dielectric constant er.

This is again inherently guide height independent and the resulting curves produced by the
suitably modified Matlab program are plotted in Figure 5.11 for the same standard sizes and
aspect ratios as used so far. It is simply calculated, for each value of er, by dividing the
difference between the upper and lower values of kz by the difference between the upper and

lower values of the frequency range in GHz i.e.

From inspection of this plot. it is clear that this change versus er occurs linearly. and increases
with increased e It can immediately be deduced that choosing a guide material with a high

value of &r will steer the beam significantly faster than for a low value of er, for any change in

n
|

19

o0



frequency. It will be seen next how, due to this linearity, this quantity can be used to
accurately find values of 4z at intermediate frequencies between 7L and /H, or even outside of
this range. Of course, this value can also be expressed in Hertz, rather than GigaHertz by

eliminating the 10” from expression (5-2).
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Figure 5.11 Shows rate of change of kz per 1GHz of bandwidth versus the material dielectric constant.

5.3.10 Linearity of propagation constant over frequency range

Now that a method has been programmed to find the frequency range and the propagation
constant at the limits of that range, it is necessary to add to this by quantifying how the
propagation constant changes between these limits. The existing Matlab implementation was
extended to find and store discrete values of kz between the computed useful single-mode
frequency limits using the Marcatili transcendental formulas again for the same large sample
of guide sizes. The results demonstrated a perfectly linear change in £z between the frequency
limits, thus making it possible to find intermediate values of Az by projection. A selection of
these results are plotted in Figure 5.12 to complement the existing frequency and &z plots
(same guide sizes) shown earlier in this chapter. A simple expression will now be derived to

find intermediate values of 4z using the limits of kz (kzfL and kzfH) at the associated

frequency limits (fZ and fH):



kz, = kz g +(f, - f1)Akz (5-3)

where f; is the operating frequency at which the value kz, must be determined, and Akz is the
rate of change of 4z per Hertz for a given value of ¢r between the frequency limits imposed by

the particular guide geometry and er i.e. kz/GHz x 10

While the original intention was to find &z for operating frequencies in the useful frequency
range defined earlier, the formula does not preclude its use for finding values for frequencies

outside of this range. However, it is not known how far this linearity extends.

5.3.11 Example: Propagation constant at intermediate frequencies

Following on from the above examples: find the value of Az and its associated value of Ag
for an intermediate frequency of 27 GHz. Using (5-2) gives a value of kz/GHz = 104.79

and using (5-3) gives kz, = 956.3 rads/m, equivalent to Ag = 6.57 mm.
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Figure 5.12 Demonstrates the linear change with frequency of the longitudinal propagation constant kz
for a selection of dielectric guides over the calculated frequency range for single mode operation (fL and
H).



5.4 Conclusions

A new way of representing the dispersion characteristics for the fundamental bound mode of a
number of rectangular dielectric guide types of any size and for a wide range of fixed guide
cross sections (aspect) is presented. These characteristics are presented in the form of new
normalized plots and new closed form formulas that enable the important guiding
characteristics to be determined quickly from a guide design (analysis case) or a guide design

to be determined from the required guiding characteristics (synthesis case).

To the best of the author’s knowledge, this is the first time that this information has been
presented in this simple to use and intuitive manner, where the material dependency can be
seen directly. This also appears to be the first time that a formula has been produced to derive
the frequency range of all of these dielectric guides directly. This new information represents
a significant improvement in the speed and ease of selecting a dielectric guide configuration

for any given application, and being able to quickly quantify and optimize its characteristics.

For frequency-scanning antennas, like the leaky wave antenna that is the main focus of this
thesis, the calculated range of propagations constants can be used to determine the angles that
represent the limits of beam (angle) steering, the rate at which it steers with change in
frequency, and the angle and propagation constant for any intermediate frequency. This new
information also, therefore, represents a significant speeding up of the process of both
analysis and synthesis of the scanning characteristics of the leaky wave antenna. The new

methods are demonstrated by example.
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6.1 Introduction

By fixing the aspect ratio, it has made it possible to express the most important guiding
characteristics of a dielectric waveguide in the simple and practical manner presented in the
previous chapter. The plots are intuitive to understand and will enable the designer to quickly
determine what guide dimensions and material dielectric constant they will need to fulfil a
particular design requirement. It might also be used for design purposes, as the method is
quite accurate. Of course, the aspect ratio has been limited to a very small range around 2:1 so
far, and only a single open guide type. The methods used to ascertain the guide characteristics
presented so far are in theory applicable to any other aspect ratio and guide type. These

methods are applied to a range of aspect ratios and other guide types in the present chapter.

6.2 Characteristics for additional guide aspect ratios

Of course there are a potentially infinite number of possible aspect ratios. The affects that this
parameter has on the standard size guides, which use six slightly different aspects altogether,
have already been seen and quantified in this work to some extent. However, it is not clear
how much the guide characteristics will change for other much larger or much smaller
dielectric guides. Further studies have therefore focused on a finite number of practical values

of aspect ratio in order to understand and quantify these effects.

Again, the Marcatili method was programmed in Matlab to compute the same characteristics
as before, but this time for a selection of different aspect ratios. In this case, the guide heights
were made to be the same as before, and the guide widths were varied according to the

required aspect. To a great extent, the program is identical to that used to compute the earlier

results because only the dimensions used as program inputs have changed.



6.2.1  Suitable range of aspects

From initial experiments, it quickly became apparent that increasing the aspect ratio beyond
10:1 gave very little change therefore this was chosen as the highest aspect. The 2:1 aspect is
included here for comparison and the additional values 1:1 and 5:1 were found to be good
final choices. Of course, an aspect of less than one does not make practical sense because this
would simply be equivalent to turning a higher aspect guide on its side. The Matlab program
was used to generate results based on these four aspects, to again ascertain the guide size and
material dependencies on the guiding characteristics of the open type dielectric guide. The
unnormalised plots will be dispensed with from here on in now that a practical way to
normalise the results has been found. Results are presented next for the useful normalised
frequency range and normalised propagation constant, in the forms used earlier. These
variations with respect to aspect are also demonstrated for values of er at the two ends of the

scale.

6.2.2 Computed frequency results for all aspects

The values computed for the normalised high frequency versus er are plotted in Figure 6.1.
This has also been plotted to show the curve versus aspect ratio directly in Figure 6.2 for two
different materials. The advantages of one aspect over another can be seen immediately from
these plots. For example, it can be seen that the values found for the 2:1 aspect are the same
as found earlier. Now, it is possible to immediately see the affects caused by the selection of
aspect ratio for any open guide made of any dielectric material that falls within the computed
er range. Clearly. the main effect of lowering the aspect ratio to 1:1 aspect is increased f*b

with respect to that of the 2:1 aspect. Conversely. f*b is decreased as the aspect is increased.

This means that an increasingly larger aspect ratio enables both lower frequency operation

and smaller guide height b. Of course, either parameter can be minimised and all

compromises are possible. The opposite is true for the smaller aspects.
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6.2.2.1  Flexibility of f*b quantity

Having the quantity /*b enables a great deal of flexibility when it comes to guide selection for
a practical application. It enables the designer to make the guide as large as possible (low
aspect and low er) when the operating frequency is so high that it might otherwise make the
guide impractically small or fragile, and allows the guide size to be made as small as possible
when the frequency is in the low microwave range (high aspect and high 7). The large guide
is also less susceptible to manufacturing tolerances. The low frequency curves will be
presented later. It is sufficient to say at this point that the low frequency curves have precisely

the same characteristics, but at lower frequencies.
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Figure 6.1 Normalised high frequency versus Er for the range of aspect ratios.
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Figure 6.2 Example quantifies the useful high frequency limit (fH) versus guide aspect for hypothetical
guides made from materials with high and low values of dielectric constant (permittivity 7) respectively,

both with a guide height b of 1 mm. The waveguide width a varies from 1 to 10 mm.

6.2.2.2 Example: frequency and size versus aspect compromises

A substrate of er=2.2, Imm thick and Imm wide (1:1 aspect) would allow operation at around
200GHz while making it 10mm wide (10:1 aspect) would allow operation at up to around
60GHz. However, if the dielectric constant material is chosen, the guide allows operation at
up to 60GHz using a lower aspect ratio, here approximately 1.5:1. Therefore, it can be
concluded that lower frequency operation is achieved, not only by increasing the overall
cross-section and by using materials with higher permittivity (er), but also by selecting a

larger waveguide aspect ratio. Of course, the opposite also applies.

6.2.3 Computed propagation constants for all aspect ratios

The normalised propagation constant has also been computed and is presented next in both
the traditional form and the new form for all the new aspects. Again. the changes are simply

pointed out with respect to the new aspects, beginning with the results normalised to 4o

presented in Figure 6.3.
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Figure 6.3 Traditional form for normalised kz for a range of er.

6.2.3.1 Traditional normalising factor

It is clear that the lower aspect provides the greatest values of kz for any value of er, and the

value increases with er. The highest aspects have considerably lower values, not far above

unity. Finally, it can be seen that the impact of changing from 10:1 to 5:1 is much less than

from S5:1 to 2:1 and 2:1 to 1:1. This effect is much clearer when the results are plotted for the

two ends of the er range versus aspect ratio, as in Figure 6.4. The material and aspect

dependency on the change in phase along the guide with respect to that in free space (i.e.

dispersion) can be seen immediately from this plot. The main observation is that this change

is significantly more rapid at higher values or er and aspect ratios below about 5:1. The aspect

is not as important at very low values of er.
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Figure 6.4 Normalised kz versus aspect ratio for two values of er.

6.2.3.2 New normalizing factor; kz*b

Computed results subjected to the new normalisation in terms of guide height b are presented
next in Figure 6.5. The resulting curves take exactly the same form as their unnormalised
counterparts like that of Figure 5.5 from the previous chapter. It is easy then to deduce the
behaviour with respect to changes in material directly from the kz*b normalised plot. Here,
the shape of the curve for each aspect is almost identical i.e. large change up to about er <4,
and gently sloping off, almost flat, for higher er materials. The most obvious effect caused by
the differences in aspect ratio is the large vertical shift between the respective curves. Of
minor interest is that the 2:1 aspect falls almost dead centre between the 1:1 and 10:1 aspects;
these three curves are separated by approximately kz*b = 2. The slopes also move in the same
direction as the f*b curves such that kz*b is highest for low er and low aspect and lowest for

high er and high aspect. These facts might potentially be used as a memory aids or rules of

thumb.
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Figure 6.5 Normalised kz versus ¢r for the full range of aspect ratios.

6.2.3.3  Flexibility of kz*b quantity

This new type of normalisation factor and its associated plot has some advantages its kz/k,

counterpart. Namely, that:

e the range of kz can be seen immediately for any size guide or material;

e The phase change can be read off immediately (in Radians);

e A compromise for kz or guide height b can be found and quickly fine-tuned to meet any
practical constraints, including for a fixed phase change (the frequency range must be

recalculated if the height is modified).

The kz/k, plot allows the relationship between kz and the frequency to be seen; both electrical
characteristics. This does not help to dimension a guide for a particular requirement. On the
other hand, kz*b plot does. However, these two plots are considered here to be slightly

complementary as opposed to complete alternatives.
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6.2.4  Other issues relating to the aspect ratios
Before moving on to investigate the guiding characteristics of other dielectric guide t pes,

there are a number of points to be made about the different aspect ratios used in this part of

the study.

6.2.4.1 One-to-one aspect ratio

Marcatili points out that for the 1:1 aspect ratio guide, the modes are degenerate [1]. This
means that the Y-polarised mode and the X-polarised mode are the same and have exactly the
same guiding characteristics i.e. E;,* is the same as E;;* and E,;, = E,,. It is assumed here that
only one of these modes is excited in practice, depending on the orientation of the exciting
probe. It is understood this degeneracy has no bearing on the results presented here for the
E;)” mode, except that the same results would be produced if the E;;* mode was computed.
The next higher E;; mode cutoff would also be joined at the same frequency by the E|, mode
cutoff, but again this has no bearing on the validity of the results presented so far because the

E,; mode cutoff was computed anyway.

6.2.4.2  Five-to-one and ten-to-one aspect ratios

Another possible motivation for using the higher 5:1 or 10:1 aspect ratios, in addition to their
guiding characteristics may come from a need to use an existing substrate. Since a substrate is
generally relatively thin, if it was made into a guide with a low cross section aspect, it would
probably only guide at very high frequencies. In contrast, making it five or ten times wider
than the substrate thickness (guide height) allows significantly lower frequency operation.
Later in Section 6.5, an example will illustrate the magnitude of these advantages versus

dielectric guide aspect.
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6.3 Characteristics for additional dielectric guide types

6.3.1  Open and closed waveguides

A rectangular dielectric rod without any metallic walls is generally known as an ‘open’ guide,
because its walls cannot contain the fields, and it may therefore radiate. Conversely. a metal
waveguide is a ‘closed’ guide, because its walls are impervious to radiation, the fields being
contained entirely within. Up to this point, only the completely open guide has been
considered. In this section, the same analysis as considered above will be applied to additional
types. Although strictly, all of the dielectric guide types considered could be classed as types
of open guide, this term will be used to describe the entirely open guide, to differentiate it

from the other types to be considered next.

6.3.2  Three additional types under study

Three other possible types, that are hybrids of the pure open dielectric guide and dielectric-
filled metal guide that are all amenable to the same analysis using the Marcatili method, have
also all been used as the basis of leaky wave antennas of the type studied in this thesis [2-5].

They are the:

1. image guide; a dielectric open guide with one metallic wall, usually perpendicular to
the polarisation plane;

2. inset guide; a dielectric open guide with three metallic walls:

3. trapped image guide; same as an inset guide but with an air gap between the

dielectric guide sidewalls and the metallic side walls.

As per the open guide work carried out so far, the main objective here is to quantity the
material dependencies on the waveguiding characteristics of these other types of guide.
Namely, the useful frequency range, propagation constant and other characteristics. The 2:1

aspect ratio is considered here. The other combinations of aspect and guide type will be
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considered in the next section, where all of the different combinations are considered together

to highlight the advantages with respect to their characteristics and other factors.

6.3.3  Modifications to computational method

A new extension to the Matlab implementation of the Marcatili method was programmed (see
Appendix A) to incorporate the ability to simulate metallic walls on any of the four guide
sidewalls. These new extensions to Marcatili’s transcendental formulas (C.1, C.2 of
Appendix-C), developed by Horn et al [3] also allow for a finite gap to be introduced between
the dielectric guide sidewalls and the metal sidewalls. This latter feature will be useful for the
study of the trapped image guide case. As these gaps (h3, h3, 12, and t4) are extended to

infinity, the new formulas reduce to Marcatili’s original formulas (C.3, C.4).

The new guide types were represented using a guide model with metal on all four walls, then
setting the gaps to be either zero or infinity (a large value in practice) according to the guide
type. For example, the inset guide was programmed with r2=infinity and A3= h5= 14=0 so
that the top wall is effectively uncovered and the base and two sidewalls are covered with
metal. The guiding characteristics were then computed. using the new transcendental

formulas, for all combinations of material permittivity (er), aspects and guide types.

6.3.4 Additional considerations for the trapped guide type

The setup is not so simple for the trapped image guide because it introduces an additional
variable: the size of the gaps 43 and h5 between the dielectric guide sidewalls and the
associated metal sidewalls. Intuitively, it can be seen that the inset guide case is approached
as the gap on both sides tends to zero. Conversely, as the gaps tend to infinity. the image
guide case is approached. In the latter case, one can only guess about what gap constitutes an
approximation to the image guide case. Since it would be pointless to present results for a
random selection of different gaps. programming experiments were conducted instead to

ascertain what gaps constitute an approximation to the two limiting cases, and the shape of the
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response at a number of discrete points in between was captured. To eliminate the guide size
dependency here too, the various gap sizes used in these experiments were normalised to
fractions of the guide height 5. The trapped guide has been shown to be useful for traversing
bends [6]. The results will be presented in the next section but it was worth pointing out the

derivation here alongside with the image and inset guides.

6.3.5 Computed frequency results for the new types

The computed results for the useful frequency range of WG25-size dielectric open, image and
inset guides as generated by the Matlab program are compared in Figure 6.6. The relevant
normalised plot will be shown in the next section with all other combinations of guide type
and aspects. In that case, the curves are precisely the same; only the Y-axis will be different.

The most important characteristics evident from the current plot are that:

The guide type has a significant impact on the useful frequency range;

e In general, the frequency range for the new types shifts down below the open guide;

e The image guide frequency range is lowest, about one third less than the open guide;

e The inset useful guide bandwidth is widest, particularly at the low frequency;

e The open and inset useful guide bandwidth reduces significantly as the permittivity
(dielectric constant, er) is increased;

e The bandwidth reduction for the image guide is much less; The guide bandwidth is almost
constant across the full range of er;

e There is some crossover of these characteristics at around er = 3.5. It is apparent that this

is due to the slopes of the curves, especially at the low er end of the scale.
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Figure 6.6 Material dependency on frequency range (fL to fH) of WG25-size rectangular open, image

and inset dielectric waveguides. Uses WG25 internal dimensions (3.76mm wide x 1.88mm high).

6.3.5.1 Comparing the frequency range with standard metal guides

Now that a multidimensional approach to controlling the frequency range and guide
bandwidth has been created, it is instructive to compare these (unnormalised) results with the
specifications for the closed metal TE,, waveguide of the same size, which has a standard
frequency range of SOGHz to 75GHz [7]. From Figure 6.6, it can be seen that for a dielectric
constant of er=2, both the open and inset guides offer the same or better range than the
standard metal guide. However, this is not the case for the image guide; this covers only about
35GHz to 60GHz, approximately equivalent to that of the smaller standard WG24 metal
waveguide. This implies that an image guide is slightly larger than a metal guide, for
approximately the same frequency range (this condition requires er ~ 2). In this example, the

difference in size is about 20%.



6.3.5.2 Controlling the cross section dimensions by choice of aspect

It was already clear from previous sections where the open guide was studied, that size
reduction can be achieved by using higher er materials, but only at the expense of guide
bandwidth. Here, the dependency on the type of guide has also been discovered. The most
important result is that inset and image guide types support lower frequencies than the open
guide studied prior to this. When the smallest waveguide cross section and or widest guide
bandwidth are required, the inset guide appears to be the best choice. Normalisation and
further discussion will wait to the next section, where all combinations of size, aspect, er and

guide types will be considered together.

6.3.6  Computed propagation constants for the new types
Next, the longitudinal propagation constants kz of the same guides are computed and
compared in Figure 6.7. Again, the unnormalised plot is presented to quantitively highlight

the interesting attributes, which are that:

e The guide type has a significant impact on the useful kz range;

e The kz range for the inset guide is extended considerably outside that of the open guide;

e The kz range for the image guide is almost the same width as the open guide, but has
shifted down the scale by about 25%;

e The kz range is almost independent or insensitive to changes in er > 8;

Again, further discussion and normalisation will wait for the next section.
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Figure 6.7 Material dependency on propagation constant of WG25-size rectangular open, image and

inset dielectric waveguides. Uses WG25 internal dimensions (3.76mm wide x 1.88mm high).
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6.4 Aspect and guide type tradeoffs

In the previous section, the general influences of aspect ratio and guide type on the guide
characteristics were revealed separately. Having computed the guide characteristics for the
four main aspects and the three main guide types, the results will now be compared and
contrasted, and the data will be plotted for all possible combinations. The advantages of each
combination will be seen from inspection of these plots. They are primarily intended to be
used to aid selection of a suitable dielectric guide configuration for any given application.
This section will highlight the guide characteristics only. Of course, the primary interest in
this work is to enable selection to be made based on a set of leaky wave antenna
requirements; that relationship between the guide and antenna will be developed in the next
section. Since it is not possible to present more than a handful of curves on a single plot, the

guide data will be presented in a systematic fashion using two sets of plots as follows:

e Individual aspect, all guide types

o Individual type, all guide aspects (Appendix D)

6.4.1 Comparing normalized frequency characteristics
Relative /*b values can be seen from inspection of the plots in Figure 6.8. There are no real
surprises, but they do furnish the normalised quantitive information for all types and aspects

together. There are however some less obvious features as follows:

From a frequency range perspective, there are no gaps in coverage;

e The inset 1:1 guide gives the highest /*b values;

o The inset frequency range is shifting down faster than the other two types as the aspect
increases above 1:1, so that the open guide gives the highest values for all higher aspects;

e The image and inset guides achieve the lowest /*b values. For aspects > 3. there is little

difference between these two types. In that case, physical rather than electrical

considerations may determine which one to use when lowest f*b is the requirement:
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The image guide consistently gives the lowest f*b values;

The bandwidth of all types is decreasing with increased er as expected according to earlier
results, but the 5:1 aspect gives some interesting results; the bandwidth is roughly
constant for the open guide and similarly for the image guide. Investigations showed that

this is not due to a mistake;

The inset guide bandwidth decreases much less over the er range. It is relatively constant

over the second half of this er range.
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6.4.2  Comparing normalized propagation constant characteristics
Plots of the normalised propagation constant kz*b for have been plotted side-by-side in Figure

6.9. The following points are of most interest:

e The lowest aspect ratio provides the highest values of kz for any height . Since 4-*b is in
radians, these curves also represent the range of change of phase over the frequency
range. This means that the vertical axis could also be replaced or supplemented with an
axis displaying kz*b directly in units of degrees. The rate of change of phase is also
therefore highest for the lowest aspect. The opposite is true for the highest aspect.;

e As per the useful guide bandwidth, the range of propagation constants is broader for the
lowest aspect. The lowest aspect therefore gives the largest phase change. The opposite is
true for the highest aspect;

e Inall cases except the highest aspect, the inset guide type provides by far the broadest
range of propagation constants and phase change over its useful frequency range. In terms
of phase, this represents a change in phase approaching two cycles;

e For the highest aspects, and at the high frequency of the useful range, the change of phase
is relatively constant;

e For materials with permittivity greater than about 5 and any of the aspect and guide type
combinations, the change in kz*b or phase is not very sensitive to a change in the material
permittivity. The maximum phase change is roughly « 3 degrees per integer increase in
permittivity over the designed value. This means that a change of material will not have a
significant effect on the design as long as the new material has a similar permittivity;

e These plots can be used to find the range of guided wavelength directly, or intermediate

values can be found by extrapolation using (5-3).
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6.4.3  Guide frequency range / bandwidth

The useful guide frequency range from fL to fH, here called the guide bandwidth, varies

between 10% and 110%, depending on the waveguide type, aspect ratio and dielectric

constant. It is highest for the smallest aspect ratio and smallest dielectric constant and vice-

versa, as depicted in Figure 6.10. This figure is simply derived from the computed high and

low frequency data. As can be seen from the plot:

These characteristics are guide height independent;

The waveguide type has a significant effect on the bandwidth at low aspects;

The 1:1 aspect ratio image guide provides the highest bandwidth, followed by the 1:1
inset guide and then the 2:1 inset guide;

The guide type has a significant effect on variation in bandwidth versus er at low aspects.
Specifically, the variation is an almost zero for the 1:1 aspect inset guide and only about
10% for the 2:1 aspect. These can be approximated to a constant er-independent 75% and
60% bandwidth respectively. The variation is approximately 30% over the range of er for
all open and image guides;

As expected, the equivalence for the open 1:1 and image 2:1, and the open 5:1 and image
10:1 can be seen as overlapping curves.

Two unexplained inconsistencies occur for the highest aspect ratios for the open guide
type: the bandwidth for the 10:1 aspect is higher than for 5:1, and the variation with
increase in er is less than that for the image guide;

The bandwidths are significantly narrower for the 5:1 and 10:1 aspects, but nevertheless

plenty wide enough for practical uses.
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6.4.4  Diminishing gains of higher permittivity materials

In antenna theory, it is commonly known that selecting a higher er material over a
lower er material enables a smaller structure to be realized for the same operating
frequency. So, perhaps one of the most important findings in this work is
quantification of the extent to which the dimensions and the guide characteristics of
dielectric guides (of the types studied) can be influenced by the dielectric constant.
Only the electrical permittivity, the real part of the dielectric constant, is considered.
From the plots above it is easy to see that, in general, there is little gain to be made
from choosing a dielectric constant much above er = 16. The guide type and aspect
has no significant effect on this number, except that the lowest aspect could be argued
to roll off at a slightly lower er. To cover all combinations, and to take into

consideration that large scale of the 1:1 aspect plots, it is proposed that:
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* The reduction in guide cross-section and change in guide characteristics is

negligible when er > 20.

6.4.5 Trapped image guide case
As mentioned in Sections 6.3.3 and 6.3.4, the gaps between the metal sidewalls and the
dielectric sidewalls varies and approaches the inset and image guide cases at the two
extremes, zero and infinity, respectively. The characteristics were captured using the extended
Marcatili program, and following experiments to find out what gaps approximately
represented the two limits, data was captured at a number of increments in between. Fractions
of the guide height b were used to represent the gap because this is the variable used to
normalise the data. The results are plotted in Figures 6.11 and 6.12 for the two extremes of er.
The results have only been captured at the high frequencies of the useful guide range, and
only the low aspects because these curves would be almost entirely flat at the higher aspects
because of the associated small differences in inset and image characteristics. The main points
to note are that:
e A gap equal to b is essentially large enough to approximate an image guide;
e A gap equal to 5/32 or smaller is enough to approximate an inset guide, except for the
1:1 aspect guide with low er which would ideally be /64 or thereabouts ;
e Ifagap equal to b takes the value of the image guide characteristics, and gap of b/64
takes the value of the inset characteristic, a linear approximation could be taken

between these values in all cases with little loss of accuracy.
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6.5 Application to LWA design

Thus far, this work has concentrated primarily on determining the characteristics of the
dielectric guides themselves, with only a superficial look at their respective influences on the
leaky wave antenna design. Since, one of the main objectives of the present work is to
simplify the analytical treatment of this type of antenna; attentions will now be turned to
illustrate and quantify how the guide characteristics presented in the plots in the preceding
section influence the important antenna characteristics, and vice-versa. Hypothetical
requirements for an antenna design will be used to develop a number of examples that
demonstrate the many tradeoffs. The emphasis of this chapter is on enabling the designer to

make an informed choice of guide material and geometry based on antenna requirements.

6.5.1 Relevant characteristics

The guide characteristics of relevance here are both physical and electrical:

e Guide dimensions (height and width)
e Material relative permittivity

e Guide type

e Useful frequency range

e Propagation at working frequency (or range)

Additional characteristics of relevance to the metal strip loaded leaky wave antenna of interest

here are again both physical and electrical:

e Strip dimensions

e Strip spacing

e Length of antenna / guide
e Main beam angle

e Frequency scanning rate

e Scanning limits



6.5.2  Other characteristics

Some additional guide characteristics will be gathered as a result of this analysis but other
antenna characteristics such as gain, beamwidth, impedances and efficiencies are outside the
scope of this chapter. The polarisation is assumed to be linear, with the main component of

electric field Y-polarised, as per the preceding work.

6.5.3  Analysis and synthesis

This will essentially be an analysis exercise, where the antenna characteristics are found based
on a set of guide characteristics. It could be argued that there is also synthesis, since the
operating frequency has been fixed and a number of guides are designed to work at that
frequency; guides of all possible combinations of aspect and type. Analysis is the applied to
all these guides to demonstrate the tradeoffs with respect to antenna characteristics for two

extremes of (non-magnetic) relative permittivity; er =2 and 12.

6.5.4 Demonstrating by example

The examples use a fixed upper frequency (fH) as a reference to demonstrate the variation in
guide cross section. The aim of these examples is to allow the reader to gain a working
understanding of the information furnished by the previous plots, and to highlight some
additional issues. The examples are developed in a spreadsheet program and the results are
presented in tables for reference in Appendix E, one for the high value of dielectric constant
and one for the low value. Open, inset and image guide types are compared for all four
aspects. at both ends of their respective useful frequency ranges. Each table is labelled with

row and column identifiers to aid discussion of individual results.

In general, the results are intended. not only to provide quantification and to help reinforce the
ideas presented so far, but to highlight the possible advantages of selecting a particular guide

for the basis of a leaky wave antenna design of the type studied in this thesis.



6.5.4.1  Validity of unperturbed approach

The antenna characteristics are calculated assuming that the array elements (metal strips) are
infinitely narrow and therefore do not perturb the value of propagation constant kz (or guide
wavelength Ag). Two sets of element spacing d are taken and the results are shown side by
side in a separate table section. Many researchers have taken this unperturbed approach and
proved its validity in specific cases [2-3, 8-9]. Later in Chapter 8 of this thesis, it will be
demonstrated that a correction factor is required for the element spacing d when finite width
metal strip elements are placed on the surface of a dielectric guide. In any case, all the
analysis presented next is still completely valid. In other words, it is not necessary to apply

that correction at this point.

6.5.4.2  Scope

Although, a single frequency, 10 GHz, has been chosen as the upper frequency (fH) for these
examples, the full working range will be analysed below that frequency. This will allow the
capabilities in terms of beam steering (frequency scanning) and rate of scan to be

demonstrated, for example.

6.5.5 Determining the antenna characteristics
The guide characteristics used in this section are found directly from the data used to create

the normalised guide characteristics plots. Each guide and antenna characteristic listed above

will be considered next.

6.5.5.1  Choices of antenna cross section
The specific results can be seen in the appendix under columns .1 to C'. Here. the guide
heichts have been chosen to fix the high frequency at 10 GHz. Because this frequency is fixed

and the aspect ratio is varied across the example, then the guide height must vary also. The
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cross-section is then a function of the height and the aspect. It is only necessary here to

discuss one or two examples and explain the resulting trends which are that the:

* approximate guide cross sections can be read directly from the /*b plots;

* guide height can be found for a fixed frequency;

* frequency can be found for a fixed guide height;

* tradeoffs with respect to guide type, aspect and permittivity can be determined
immediately by inspection of the plots;

e plots have a practical application.

The relative guide dimensions for each aspect, type and any er can be found by inspection of
the plots; the highest /*b value will give the largest guide height and the lowest f*b value will
give the lowest guide height. These results give a quantitative idea about how the choice of

guide aspect, type and material can influence the size of the antenna, such as:

e for the low er case the maximum f*b is over 7 times the minimum;

e this is reduced to 4 times for the high er case.

There are some other trends worth mentioning;:

e the image guide of any aspect consistently supports the lowest /*b;
e in general. the inset guide supports the highest /*b values for low aspects and the open

guide supports the highest /*b at high aspects.

The first bullet makes sense since an image guide is equivalent to an open guide of twice the
height [10] which. electrically. makes it twice as big as the open guide. Of course, intuitively,
one would expect a larger guide to support lower frequencies. The crossover noted in bullet 2
occurs because the inset /*b curves move to lower frequencies more rapidly than the open

guide as the aspect increases, as can be scen from the plots.
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Practical considerations like available dimensions of off-the-shelf materials, weight, cost, or
robustness might influence the final choice of guide geometry for an antenna design. It is

important to consider the whole cross-section in that case.

For example, the guide height for a 1:1 open guide is found at /H and er = 2 from the data as
F*b*10° = 224. This can be seen immediately in Figure 6.8(a). Since the frequency has been
specified as 10 GHz, the height 5 must therefore be set to 22.4 mm. Since this lookup has
been determined for a 1:1 aspect, the guide width @ must also be 22.4 mm. Similarly, for a
10:1 image guide at er = 12 and fH, the data gives f*b*10° = 20.5. Figure 6.8(d) confirms this.
The necessary guide cross section to put fH at 10 GHz in this case is # = 2.05 mm and g =
20.5 mm. The cross-sectional dimensions are therefore 31.68 mm and 20.6 mm respectively;

about a 50% difference.

Of course, the length of the guide might also be of practical importance. This will be found

shortly.

6.5.5.2  Trapped case and adjusting band of operation

Earlier, it was shown that the trapped guide case approaches the image guide case when the
metal planes are far from the sidewalls of the dielectric guide. and approaches the inset case
as the metal approaches the guide sidewalls. Inspection of the low aspect ratio f*b results in
column B (rows 1. 5 & 9) reveals an intriguing possibility; the frequency band of operation
for the guide can be shifted quite significantly by implementing either a trapped guide with
adjustable distance metal side planes, or an open guide with a single adjustable distance metal
base. According to these results, the former will maintain approximately the same bandwidth,
while the latter will see a significant increase in bandwidth. Similar configurations have been
developed before for specific geometries and materials [3, 8-9, 11-12]. The tradeoffs for all

common geometries and materials can now be studied easily using the new plots. The precise



change in guide characteristics as the metal approaches the guide sidewalls is studied shortly

in this chapter.

6.5.5.3  Antenna bandwidth and limits

Under certain circumstances the antenna bandwidth, defined here as the frequency range over
which the main beam is present, will be equal to the guide bandwidth itself. From the results
in column F, which is just fH — fL in gigahertz, it is clear that the 5:1 aspect ratio has the
narrowest guide bandwidth in almost all cases. Only the 10:1 inset case is lower. It is not

known whether this offers any advantages.

For unknown reasons, the 5:1 open guide case with er = 2 is extremely narrow band. Similar
notches are also evident in column F for the 5:1 aspect ratio low frequency for the open and
image guide cases at er = 2, and for the open guide case at er = 12. Interestingly. the low

frequency value for the 5:1 open guide case is essentially the same for both values of er.

The relative guide bandwidths be seen by inspection of Figure 6.10 for all guide combinations
or the bandwidth and limits can be quickly derived from the /*b plots of Figure 6.8. In that
case the limits are found by inspection and the bandwidths can be found from f*by, / f*b s,

with guide height b constant.

Since the guide does not really cut off at the low frequency, it could be argued that the guide
bandwidth is actually equal to /H. This would mean that, provided that the main beam is
sufficiently within the forward and backward directions, the antenna bandwidth could be
slightly higher in practice than the useful guide bandwidth found here. This is an extremely
complicated corner-case, and will not be discussed further here. The absolute limit imposed
here is either the useful guide bandwidth or the band over which both the forward and

backward scanning limits are reached; whichever comes first. The scanning characteristics

will be considered shortly.



6.5.5.4  Main beam scan range and limits

Except in the cases where the scan range is limited by close proximity to the forward and
backward directions (i.e. ends of the guide, + 90° from broadside), it was discovered that the
range of propagation constant (kz_fH - kz_fL) is what determines the maximum scan range of
the main beam given in column S. The strip spacing d will then, of course. position this range
in the elevation plane. It can be seen from columns Q and R of the results which combinations
of aspect, guide type and material do and do not reach these antenna scan limits. These limits
can be obtained from the kz*b plots, by fixing the guide height b. The relative kz range can be
obtained in the in exactly the same way as the relative bandwidths are derived from the /*b

plots i.e. from kz_ fH/ kz fL.

One might expect that, for a given material, the guide bandwidth might dictate the size of the
propagation constant range. However, although the relative values are similarly ordered with
respect to the different aspect and guide types, they are not in exactly the same order. as can
be seen by comparing across columns F and /. The exact order is also a function of er. For
example, for a guide material with er = 12 (e.g. Silicon) the 1:1 image guide has the highest

overall guide bandwidth but only the second largest kz range.

The results from the example demonstrate that:

For the lowest aspects (especially 1:1) and high er value the main beam can be scanned all

the way up to its = 90° scan limits.

e Conversely, a high aspect and low er might only reach one or two tens of degrees of
angular scan;

e Inall cases, the inset guide provides the largest scan range, followed by the image guide
and then open guide;

e Typically. the high er material gives about 50% to 100% more range than the low er

material and the inset guide about 100% more than the open guide. with the image guide

somew here in between.
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6.5.54.1 Appearance of grating lobes

According to [13], additional main lobes called grating lobes appear when the spacing in
linear or planar arrays is sufficiently large to allow the in-phase addition of radiated fields in
more than one direction. The theoretical bounds on the spacing, to avoid the onset on grating
lobes for this type of leaky wave antenna have been derived in [14] as a function of the
propagation constant and operating frequency. The previous author’s formula (2-4) for
deriving these bounds appears to over compensate and is not really very useful in its current
form in practice. This author has found that these grating beams appear with very low
magnitude as the main beam direction scans to, say, within ten to twenty degrees of the
forward or backward limits, and rapidly grow in magnitude as the limits are reached. Of
course, the main beam direction is a direct function of the antenna parameters specified by

that author, therefore there is a direct link between these respective findings.

The information needed to predict the onset of grating lobes is difficult to obtain by
inspection of the /*b and kz*b plots directly. In the next chapter, a more detailed investigation
will be conducted and closed form formula will be provided to derive these bounds based on

the dielectric guide geometry and material.

6.555 Scanrate
The scan rate is the rate of beam scan (sometimes referred to as steer) versus change in
frequency. In the majority of cases, it is practical to state this in degrees per gigahertz as seen

from column T. It can be seen from these results that the:

e guide type has little influence on the scan rate, especially for the low er material;

e scan rate for the high er is roughly 100% higher than for the low er material. Fora 1:1
aspect, it peaks at about 25°/GHz for low er and 60°/GHz for high er, and for the 10:1
aspect drops to between about 10°/GHz and 20°'GHz;

e inset guide has highest scan rate by a very small margin over the other two types.



The relative scan rate for all the different combinations of guide type and size versus er was
found to have the same order as the amount of change in kz versus frequency. This
information is difficult to obtain by inspection of the f*b and kz*b plots. In Chapter 5, this
was quantified for the 2:1 aspect ratios and an open guide. Here, it is shown in Figure 6.13 for

all combinations. The highest values of kz /GHz give the highest scan rates and vice-versa.

The image guide with a 5:1 aspect gives the highest scan rate for all er, followed closely by
the inset 5:1. The order of these curves is consistent with the tabled results from the example.
The order is interesting; there are a number of anomalies, like the open 1:1 combination
falling between the open 2:1 and 5:1, and a number of crossovers and bumps. No attempt will

be made to explain these here.
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Figure 6.13 kz/GHz level for all guide combinations. The relative levels were also found to dictate the

beam angle scanning rate as a function of a change in operating frequency.

6.5.5.6  Centreing and rotating the angular scan

From columns Q and R of the results given in Appendix-E, it was observed in some cases that
the beam angle set by the high frequency and the beam angle set by the low frequency were
asymmetrical with respect to the centre angle, broadside 90°. Further investigations revealed
some interesting compromises. Of course, the beam angle is a function of the strip spacing ¢
and so as the spacing is changed, so the beam angle changes accordingly. The beam angle
versus spacing was computed and plotted for both the low er case and the high er case at both

ends of their respective frequency ranges, and at their respective mid frequency, as shown in

Figures 6.14 and 6.15.

The most immediate observations to be made are that, while the whole range from 0° to 180°
can be covered in the high er case, by careful choice of spacing, only a small fraction of the

whole angular range can be covered in the low er case.



An important new finding is that the maximum possible scan range is also a function of the
strip spacing in the low er case, and not just the frequency at which the angular limits are
reached. The range reduces as the spacing is increased, but becomes relatively constant,
apparently when the whole frequency range falls sufficiently within the scan limits of Figure
6.15. This behavior cannot be seen in the high er case in Figure 6.14, and is put down to the
fact the scan rate is so high that the whole frequency range only becomes close to fitting

within the scan limits at one point i.e. through point B when d ~ 21 mm.

It is also easy to see the relationship between the operating frequency and spacing and their
subsequent proximity to the forward and backward scan limits at 0° and 180°. For example,
by inspecting Figure 6.15, if the spacing is set to 18 mm, the beam angle will hit the backward
limit and generates a grating lobe as the operating frequency is reduced and approaches the

centre frequency.

From both plots, it can be seen that the centre frequency and the broadside beam angle do not
coincide. In that case, over the useful frequency range, the beam may be scanned over almost
twice the number of degrees in the backward direction than the forward direction
(asymmetrical scan case). Analysis shows that, by careful selection of the spacing distance
e.g. increasing it from points 4 to B or C to D, that the scan range at either side of broadside
can be equalized (symmetrical scan case), but the centre frequency fc and beam angle will no
longer coincide at broadside, as per points 4 and C. Figure 6.16 demonstrates this situation
graphically for the present example and for both values of er. Each vertical line represents the

possible beam scanning range over the full frequency range, for a number of values of strip

spacing.
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Figure 6.14 Beam angle versus strip spacing for the er = 12 case, at both ends of the useful single-

mode frequency range.
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frequency range.
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Figure 6.16 Depicts the effects of changing the strip spacing d to position the centre frequency of the
range (fL to fH) at broadside (asymmetrical case), or centring the frequency range and scan range
about broadside (symmetrical case). The er =2 and er = 12 cases are both shown, from Figures 6.14
and 6.15.

6.5.5.7  Antenna length

The results, in columns L and M demonstrate that the guide wavelength at the low frequency
can be very high compared to at the high frequency. This implies that the antenna length (/) is
highly dependent on what frequency is used to set the centre beam angle i.e. depends on what
value of strip spacing d is used. It is also highly dependent on how many strips are needed.
This in turn depends on the gain / beamwidth requirements. These latter dependencies are
complex issues and outside the scope of this present chapter. However, based on the present
author’s simulation results and theoretical analysis, and the work of previous authors, it is
sufficient here to say that 20 to 30 times the strip spacing will typically be required. In

general, the lower the working frequency, the longer the antenna will need to be.



The guide wavelength (%) can be obtained directly from the k=*b plots of Figure 6.9 for fixed
values of b. As a guide, simply letting the spacing d equal the guide bandwidth taken at the

mean value of kz and then letting / = 304 will allow a realistic and relative length to be found.

In the example, the value of /, at the centre of the respective useful frequency range for each
guide combination was computed using (5-1) to (5-3), and allowing d = 4,. From the results
shown in (column P), it can be seen that the type of guide does not have a great deal of
influence on the guide wavelength and therefore antenna length, varying by less than about
10% in most cases for low values of er and even less for high er. However, selecting the high
er material over the low er material gives about a 50% reduction in length for all

combinations.

6.5.5.8  Volume of material

The volume of material for the high er material is only approximately 10% of that required for
the low er for a 1:1 aspect, as can be seen from column AD. This increases slowly to about
25% as the aspect is increased. In other words, there are substantial savings to be made by

choosing high er materials.

Of course, this information cannot be read straight from the plots. However, since the volume
is a function of the guide cross section and length, whose derivation was described above, it
can of course easily be calculated. A good way of comparing the relative volumes for each

combination is to compare a*b* %, at the centre frequency of their respective ranges.
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Figure 6.17 Summarises the antenna and guide characteristics and advantages for each combination

of guide type and aspect ratio.

6.5.6 Guide and antenna characteristics compromises

For an antenna, the 2:1 aspect ratio guide represents a practical compromise between overall

dimensions, weight and material cost, and the useful single-mode frequency range, scan range

and scan rate. Figure 6.17 summarizes the advantages of each guide type and aspect ratio

studied in this work, as detailed in the preceding sections of this chapter.
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6.6 Conclusions

A new way of representing dispersion characteristics was developed in Chapter 5. In
that case, the method was applied to rectangular dielectric waveguides, which are the
structure of interest in this work. The British Standard sizes designated to metal
waveguides was used as a basis to develop the idea. The method normalises the
dispersion data to remove the size and frequency dependency of the structure and
presents the results so that their dependencies on the material dielectric constant can
be seen by inspection from the resulting plotted data. The same method may also be

applied to the dispersion characteristics of other structures and materials.

In the present chapter, this method was applied in exactly the same way to represent
the dispersion characteristics of the largest practical range of waveguide cross-section
aspect ratios for a number of common dielectric guide types, namely the completely
open guide, the image guide and inset (trough) guide. Here, the results are shown
graphically and together so that the characteristics of each combination of aspect and
guide type can be found by inspection for a large practical range of dielectric
constants that encompasses most non-magnetic materials. This is the first time that
such a comprehensive set of results have been produced and it fills the gaps between

existing published works that only give results for a small number of specific sizes or

materials and for a specific frequency.

The trapped image guide is a special case that is a hybrid of the image and inset
guides, and its transition from one to the other was demonstrated. Finally. its
application to leaky-wave antenna analysis and design was demonstrated. and to
specific antenna characteristics. The tradeoffs of each combination of aspect ratio and

guide type were also presented in terms of the main antenna physical and electrical
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characteristics such as bandwidth, beam scan rate and range and volume of dielectric

material.

It is anticipated that this information can be used as both a selection aid for selecting a
suitable waveguide configuration for non-antenna applications as well as for a specific
antenna design specification. In the following chapter, simple closed-form formulas
will be developed to represent these same guide dispersion characteristics to reduce
the burden normally associated with detailed design of the guide to just a few minutes.
The leaky-wave antenna may also be designed once the guide has been selected and

its characteristics have been found using these new formulas.
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7.1 Introduction

The information derived from the plots presented in the previous chapters. and by graphical
methods in general, is useful from the point of view of gaining insight into the operation, but
it is often difficult to derive quantitive information with better accuracy than ~10%. It is far
better of course to have a mathematical description, with enough accuracy so that the
information derived can be used as the basis for a real design. Such mathematical descriptions
will be derived in this chapter to satisfy the goal of simplifying the existing mathematical
treatment of metal strip loaded leaky wave antennas. Specifically, formulas will be derived to
find the useful frequency range and real part of the longitudinal propagation constant of the
host dielectric waveguide, as described graphically in the previous two chapters, and formulas
will also be presented for determining the important antenna characteristics described in the

latter half of the last chapter.

7.2 Curve fitting exercise

Since it now appears to be both useful and possible to find the most important guide
characteristics for a large practical range dielectric waveguides of any size from the new
normalised plots, it then makes sense to perform a curve-fitting exercise on the curves in an
attempt to describe these mathematically. If a reasonable curve fit could be found with good
enough accuracy over a high proportion of the er range, then the resulting expressions could
represent a much simpler solution to finding the approximate characteristics than provided by
Marcatili and other authors. It is assumed and accepted that accuracy might have to be traded

for simplicity in this process.

7.2.1  Early attempts at curve fitting

Judging by the curvature seen in the current plots of Chapter 6, it would appear to be
impossible in most cases to find a good curve fit that would be accurate enough to represent
the full length of the curve. However. various attempts were made using both the Matlab and

Microsoft Excel curve-fitting features, and these were optimized manually to average out the



error. However, the fit to a curve was either unacceptable because of a very poor
representation at one end of the curves or the other, or the resulting curve function needed to
be third-order or higher even for a moderate fit, and mostly ended up being almost as

complicated as the Marcatili formulas.

7.2.2  Further normalization of plot data

As an alternative, further normalisation was applied to the curve data to try to reshape the
curves for a better curve function fit. After this procedure was completed, the final curves
were essentially almost perfect straight lines. This process will be described in the next
section. Of course, this meant that an almost perfect curve fit was achieved, and from these,

trivial straight line formulas could be derived.

These formulas are the primary output from the present chapter, along with their
implementation in some common leaky wave antenna formula that significantly simplify that
analysis. The existence of these new formulas was only possible because the normalisation
experiments resulted in such straight lines, and because the Marcatili equations have the

incorrect low frequency dispersion curve behaviour, as was described in Chapter 5.

80 ————t——————T— 11—

0.5 4

Normalised frequency (fb.Er' . 10° )

0.0

T e . T . T —T v T T T
2 B 6 8 10 12 14 16

Dielectric constant (- )

Figure 7.1 Optimized normalised frequency curves for standard aspect ratio open guides.
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7.3 Derivation of formulas

7.3.1 Normalizing factors for open guide and standard sizes

The normalised frequency data (f *b), derived using the Marcatili formula software
implementation, for a large range of open dielectric guides with cross-sections the same as the
internal dimensions of the standard metal waveguides, were copied into a graphing program
and the curves were plotted. Additional normalising factors were applied to the frequency
data. It was found that multiplying the / *b curves by a linear function of er e.g. f *b*er, f
*b*sqrt(er) made the curves much straighter and therefore much more amenable to a good
curve fit. A sample of the resulting curves is shown in Appendix B to demonstrate these
effects. Further optimisation allowed the best compromise to be found for all the curves,
which was: £ *b*Er"*. The resulting curves are shown in Figure 7.1 as evidence of the

effectiveness of this technique.

7.3.2  Frequency formulas and coefficients

Trivial straight-line formulae have been derived from the end points of these lines. Because
the position of the lines was found to be a function of the aspect ratio, there is one pair of
straight lines and therefore one pair of straight line coefficients for each aspect ratio. Each
pair represents the high frequency and low frequency limits of the approximate useful

frequency range for any value of er in the range 2 to 16.

The slope and start values for the straight line equations were worked out for all six standard
size aspects at both the high and low frequencies. These coefficients were then given the

labels U and ¥ respectively and are listed in Table 7.1.
To arrive back at the original frequency or f*b values, with a much greater degree of accuracy

than possible by reading from the /*b plots, the normalising factor is applied to the straight

line equations. Since the normalisation factor satisfied all cases, the result is a single formula
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(7-1). The associated formula, including denormalization factor, is a direct mathematical
representation of any of the frequency curves from Chapter 5 and curves for any other size

guide as long as it uses one of these aspect ratios.

It can be seen immediately by inspection of (7-1) what the effect will be for an increase or
decrease in parameters er, b, and fH (or fL) or any combination. Accurate values for a single
parameter can be found by fixing the other two. In practice, it is most likely that the operating
frequency will be known, probably the high frequency. A suitable combination or er and b can
then be found to satisfy the equation and other practical considerations to do with available
materials. Of course, either the guide height b or guide width a can be used in (7-1) even
though the new formulas have been derived based on b. For example, b = 1/2a for the 2:1

aspect, and b = 1/10a for the 10:1 aspect and so on.

Ue, +V)x10°

Jrm = b8,1'45 o
2 _ 27,
a1 ke =05 (Pe, +0)
¢ (7-2) r (7-3)

Table 7.1 Coefficients for (7-1) to (7-3), valid for dielectric guides using standard WG sizes only.

Aspect f, coefficients f coefficients kzs coefficients
ratio U v U v P Q
2:1 131 4 152 93 0.68 0.45
2121 129 4 149 90 0.66 0.45
2.15:1 128 4 148 89 0.65 0.46
2.20:1 127 4 147 85 0.64 0.49
2251 127 6 146 82 0.64 0.47
2.47 : 1 124 7 142 72 0.60 0.56

~J
1
tn



7.3.2.1 Simple example

Find the frequency range and range of propagation constant for the er = 2.47 model
used in Chapter 4. Answer: the guide cross section was 3.4 x 1.4 mm, which equates
to a 2.43:1 aspect. Using the coefficients for the 2.47:1 will give good accuracy.
Using (7-1) to (7-3) gives fL = 60.31 GHz, fH = 81.38 GHz, kz fl.= 1264 rad/m and
kz_fH =2024.56 rad/m. At these frequencies, the Marcatili method gives 1307.6 and

2033 rad/m which are within 3% and 0.5% respectively.

7.3.3  Deriving propagation constant expressions

Using the same techniques, it was also found that the normalised propagation constant data
could be manipulated in the same way using different normalization factors and so it becomes
immediately obvious that these too might be well represented by curve-fit formula. In chapter
5, the kz data was normalised in the traditional manner by &, to produce Figure 5.7. There it
was seen that the low frequency kz curve was at kz / k, = 1 for all values of er. From
inspection of these formulas, note that (7-2) is er independent. This occurs because the low
frequency cutoff of the fundamental propagating mode in the guide occurs when kz = &, for
any guide configuration or material In other words, kz at the low frequency (kz_fL) is given
by (7-2) and no additional normalisation is required. Note that (7-2) is therefore er

independent.

Various attempts were made at normalising the high frequency kz data. Some of these results
are shown in Appendix B to demonstrate the effects of different normalisation factors. It was
interesting to note that dividing the data by the guide height (i.e. kz b) produced the same
shape response as for the k= / k, plot, but with a different and less convenient Y-axis scale.
The high frequency data was normalised by the more convenient &, but the resulting high
frequency kz curves are far from straight, as was see in Figure 5.7. After further normalisation

attempts and optimisation, it was found that multiplying the kz data by £/ k, again
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produced almost perfect straight lines, as shown in Figure 7.2 clearly shows the different
slopes due to the differing aspect ratios used in the standard guide size sample. The plots also
demonstrate the deviation from a perfect straight line for a part optimised case (a) where the
normalisation factor is slightly different, and demonstrates almost perfect straightness for the
actual factor (b) used to derive the new formulas. These same effects were seen for the

frequency normalisation.
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Figure 7.2 Part (a) and fully optimized (b) normalised propagation constant curves for standard aspect
ratio open guides. The light coloured lines are perfect straight lines drawn through the two ends of each

curve to demonstrate the effectiveness of the respective normalisation factors.
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7.3.4  Propagation constant expressions and coefficients

Formulas were again derived from the straight lines and the relevant denormalization factors
were applied to produce a new formula (7-3) for the high frequency propagation constant that
derives values for any size dielectric guide, and any er in the range. The slope and start values
for the straight lines have been given the labels P and Q and the subsequent coefficients for

all six standard aspect ratios are included in Table 7.1.

Both (7-2) and (7-3) include the respective frequency values, which of course incorporate the
guide height and er parameters. In other words, it is likely that these values have already been
chosen at this point, and so it is a simple matter of entering them into the equations along with
the coefficients. However, it is also possible to choose the high frequency and a material at
this point to find the respective kz value using the new formula, and then to find the necessary
guide height using (7-1). As long as the values of the chosen parameters are maintained
consistent throughout, it does not manner which order the unknowns are found. In addition,
adjustments can be made to any of the chosen parameters provided that all of the unknowns

are recalculated.

7.3.4.1 Intermediate values of kz

It is desirable in practice to be able to find the values of kz for any intermediate frequency
inside, and even outside, the valid frequency range. The operating frequency might, for
example, be chosen to be in the middle of the guide’s frequency range. In chapter 5 it was
demonstrated that it is possible to find accurate values of , for any intermediate frequency
between the two single-mode boundaries /L and fH by simple interpolation backwards or
forwards from either the kz_fL limit or kz_fH limit using (5-3). This is enabled by the fact that
the propagation constant varies linearly with change of frequency. as was demonstrated in
Figure5.12. In fact, since the intermediate values are on a straight line, it is possible to project
beyond these two single-mode boundaries using the same formulation. Some previous authors

have used frequencies much higher than the single-mode range without considering the higher
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modes that might propagate [1] while others have found that the higher modes do not couple
into the excitation metal waveguide [2]. The ability to project, enabled by the new formulas,

allows such cases to be analysed quickly and easily.

The relevant procedure is included here to complete the mathematical treatment. It finds both
intermediate values and projected values:
1. divide the total number of radians per metre between kz_fI and k=_fH by the guide
bandwidth /L to fH in Hertz or gigahertz, to find kz/Hz or kz/GHz (5-2);
2. calculate the difference between the low frequency /L as per (5-3) or the high
frequency fH as per (7-4) and the actual operating frequency f,;
3. take the product of the results from steps 1 and 2 to find the offset value 8kz;

4. calculate the sum of either kz_fL or kz_fH and Jkz, as appropriate, as (5.3) or (7-4).

kzo =kz g +(fiy = £, )Okz (7-4)

7.3.4.2  Simple kz/GHz formula

It turns out, after having tried to make a more compact expression out of (5-2), that a neat
simplification is possible that can be used as a simple approximation for any of the six
standard aspect ratios from 2:1 to 2.47:1 (7-5a, b). Since only the rate of change is needed,
this was simply derived from the approximate slope of the curves of Figure 5.11. Note that
(7.5a) and (7.5b) are interchangeable, except that one is in terms of gigahertz and the other
Hertz.

K-icy- = 10(€, +1) ~2:1 aspects (7-5)

Akz = (g, +1)x1078 (7-5b)
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7.3.5 Quantifying the error

The results presented in the previous two chapters were derived from many thousands of
computations of the Marcatili transcendental formulas. These earlier chapters have also
demonstrated and validated the accuracy of the Marcatili method. Its accuracy was shown to
increase above the low frequency of the useful single-mode range and many authors have

shown the results to correlate closely with experimental findings [3] to [7].

Since the new formulas are a direct empirical representation of those results, they will
produce the same error, plus or minus any error introduced by the differences between the
subsequent normalised results curves and the straight lines from which the new equations

were derived.

Here, it was deemed sufficient to validate the accuracy of the new formulas simply by
comparing their results with those calculated using the Marcatili formulas. The error was
calculated as a percentage of the difference between fL, fH, kz fL and kz_fH for a sample of
standard guide sizes covering all six standard aspect ratios and for the same range of er. The
errors can be attributed largely to minor curvature in the straight lines, and to a smaller to

rounding errors.

7.3.5.1  Frequency error

To begin with the new frequency range formula produced results that were slightly higher
than those produced by the Marcatili formulas, with the error peaking at approximately +3%
at around er = 4 and reducing to almost zero at higher values. It was decided to average out
the error across the range of er. To achieve this, the original straight line formula coefficients
were manually adjusted to achieve the best results. This process resulted in an average error
of around * 2% for the low frequency results. Since the Marcatili values at the low frequency
end, as the E,, cutoff frequency is approached, are known to be relatively inaccurate anyway

as described in Chapter3. this small amount of error is satisfactory. Since the error for the
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original high frequency coefficients was already relatively low, these were not adjusted and
the error is typically less than = 0.5% except for a peak of 1.5% around er = 4 again. The
worst case results for a range of aspects are shown in Figure 7.3. From these, it can be seen
that the error appears to increase with aspect ratio. The relative errors can be explained by
inspection of Figure 7.1, where it is clear that the low frequency curves all suffer from more
curvature, especially at the low er end than the high frequency counterparts. Less evident is

the fact that the higher aspect curves suffer from more curvature than the lower aspects.
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Figure 7.3 Typical worst case difference between f (a) and fu(b) calculated by the new formula (7-1)

and by the full Marcatili transcendental formulas for a selection of aspect ratios.



7.3.5.2  Propagation constant error

The same procedure used for quantifying the difference between actual Marcatili formula
derived single-mode frequency limits results and those as derived from the new formula is
used to find the propagation constant error at the same frequencies. Worst-case results are

again shown in Figure 7.4 for two cases