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Abstract
This thesis is comprised of two distinct studies in the shaping of radiation pattEnes.

first part involves a comparative study of hyperbolic, profiled and flat lenses of varying
diameters with a focus omachieving high gain, narrovbeamwidth andwide-angle scan
performanceThe second pastntailsthe design of a grated dielectric surface that produces an
isoflux pattern when irradiated from belowlhe geometries involved were simulateding
GEMS, a commercially availableparallel Finite Difference Time Domain (FDTD)
electromagnetics solver
Contribution to Knowledge:
i Utilizing a parallel FDTD EM solver to conduct a comparative study of microwave
lenses
1 Exciting a leakywave antenna withrearbitraryradiator located underneath the structure

as opposed to a wavegaidnd coupler located at one end
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1.  Comparative Study ofHyperbolic, Profiled and Flat Lenses

1.1  Introduction and Motivation

The typical lens encountered in optics transmits and refracts light, resulting in the
convergence or divergence of a beaifihe main difference between these lenses and those
covered in this discussion is the frequency ofrapen specifically, the lenses we investigate
are designed toperatein the GHz vs. 100s of THzregime. However, thbasicphysics of the
lenses whichremairs unchangedwill be examined irthe following sectiorfrom the microwave
point of view Theunderlying mechanism that creates a focal pomtheexiting sideof alens
is based orthe enforcement of equivalent electrical lengths regardledseg@hysicalpath. The
two mostdirect ways to do thisare to either create a lensomprised ofradially varying
heterogeneous materials (in the case oflandrical flat lens), orto designa profiled lenghat
utilizesa sirgle materiglbut vaiesthe thicknes®f each successivegion.

Thelensdesignthatinspiredthis study washased on one desceitd byHao et al.[1] (see
Figure 1.1),where the theory of Transformatiddptics was used tocompress a conventional
hyperbolic lens into a flagzoneplate lenswith varying effective dielectric parameter$his lens
was claimedto have a superior bandith performancgfor 20 GHz < f < 40GHz)when
compared to a conventiongliarterwave Fresnetone plate lenproposed by Petosa al. [2].

Though it is not immediately apparent from Figure 1.athbd these lenses utilize a
homogenous dielectric disk fierated with holes of varying diametehich, in turn, give rise to

varyingeffective dielectric constants
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Figure 1.1 Development and rough schematiawone plate lens proposedfgoet al.
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Figure 1.2 Quarterwave zone plate lens proposedRstoseet al.

Compared taheselenses, the structwsecovered in this study are simpénd include a

hyperbolic, profiled and flat lens whosesignproperties arelesribed firstfollowed by their



simulation results.Theimportance of this worls that prior to the introduction of parallel FDTD
EM solvers, such a comgive stuly asthis, would not have been possildee to thanherent
computationalntensivenessf the simulations.
1.2  Hyperbolic Lens

The first leas we investigatedinspired by Cagnoagt al.in [3], hada hyperbolicgeometry

with a diameter D = 63.5 mm, focal length F = D/4 = 15.8¢55 2.6 and a central design

frequency § = 30.0GHz. The corresponding values in terms of fspace wavelength for D and

F ar ejall 3 5 & teSpactively. The particular dimensionsf the lensandits relative
permittivity were choserno facilitate an immediate comparison to the performance of the lens
describedn [1]. In common withall focusing lenses, the hyperbolic latssignneeds to ensure

that the electrical path lengtf all incident rays are equivalent regardless of physical path length
which it achieves by utilizing a curved profileA mathematically rigorous explanation ofigh

will be presentedn the next section on profiled lenseghich may be viewedasa fcoar seo

hyperbolic lens.The hyperbolicprofile of the lends described by

W - 1

@) =————""— 1.1
e \/;cos(q)-l 9

andis illustrated in kure1.3.
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Figure 1.3.Cross seton view of hyperbolic lens

Starting with D Fand(J it is possible to find the thickness of the lénshich turns out to

beapproximately/ . Different views of the hyperbolic lenseashown in Figure 1.4
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Figure 1.4 (a) yx (b) isometric (c) zx and (d)zy.



The first area of interest, for af the lenses in this study, was their scan capabilities at
the central design frequency of 30 GHle,, their ability to maintain a compact distribution in
the focal region as the iience angle was progressively increased. To evaluate this capability,
GEMS, a parallel FDTD EM Solvewas used Thelens was excited by a plane wavaveling
in the zy-plane with anE-field intensity of 1 V/m polarized in thex-direction asshown in

Figure 1.5

Figure 1.5. Method of excitation

The angle of incidence, d, is the angle for
the lens, #axis in this case, anithe poynting vector othe incident wave The position of the
transverse tegilane for all of the lens designs was directly under the lens, bisecting it along the
x-axis, with its longest edge oriented in tieirection. The width of the plane is equal to that of
the diameter of the lenses, 6ag5and to ensure that the majority the focal region was
captured, while still minimizing the computational domain of the simulations, a height @ 7.00

was used. It should be noted that normally when lenses are fabricated and tested their



performance is gauged with a horn antennaqulac the focal region of the lens; however, this is
not done here for the sake of simplifying the numerical modeling of the lenses.

The scan performance of the hyperbolic lens can be found in Figures 1.6, 1.7 and 1.8. We
see that as the angle of inade moves off the-axis so does the primary focal region. This is
to be expected because the rays are encounteringla dialgctric material and theiincidence
anglesandexiting anglegelative to the normal formed by the surfasleould be identida Not
until the angle of incidence surpasses,45Figure 1.8do we start to see severe degradation of
the focal region.The relationship between the angle of incidence and the averaged magnitude of
the Efield inside of the focal region, as well bandwidth is discussed for this, and all of the

other lenses, in a following section.
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Figure 1.7 Spatial distribution (Amplitude of fof hyperboliclengd or d =
35°.
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Figure 1.8 Spatial distribution (Amplitude of fEof hyperboliclens or d =
55°.



1.3  Profiled Lens Design

The second lensof interest wasa conventional profiled lenswhoseparametersvere
identical to thos®f the hyperbolic lens, namelydtameter D = 63.5 mm, focal length F = D/4 =
15.875 mm and a central design frequency f30.0 GHz. The keygeometricfeature that
differentiates thisyipe of lens from thdayperbolic lengs that ingead of possessing a smooth
surfacealong its incident facethe profiled lens is comprised of distinct regions with varying
thicknesseghat mimic the curved profile bygtaircasing Not unexpectedly, it i:iecessary to
choose certain design parameters of the fems the outsetas forinstance, thedielectric
material, the number of distinct regions and the thickness of either the outerntiustentral
region. Through trial and error it wadetemined that six distinct regionsvould suffice. A
relative permittivitye. = 4.0was chosewingto its widespread availabilifyandlower level of
computational intensivenessquired tosimulae it. With regards to setting the thicknedstive
outermost region it was important to keep in mind that the thickness of the entire lens itself was
not as important as the thickness differential that existed between contiguous regions, insofar as
the functionality of the lens was concerned. Tlig,thinnest possibkhicknessvas assigned to

theouter region in order to minimizbeoverall lens thickness.

___________________________ -

S

z R’
L)X F|4 6,

Figure 1.9 Profiled lens withpaths of interest




To make this lens worgroperly we need tascertairthat the electrical lengths of path
(represented by the red arrows) and pailnepresented by the blue arrows)Figure 1.9are
equivalent. The thickness of regians predefined and we need to determine the thickness of
regionl. We start by equating the paths:

tk, +1k, =(t, -t )k, +t .k, +1 k, (1.2

. =—=2=,1_=41”+R? and r'is the distance between the center of the

m n

2 /
wherex = =2
/ITI

lens and the exact point within each regimerewe wishto guarante¢he equivalent electrical

path lengths Solving fort, we get

t = m'ko) no” 1% _ m T n Tl (13)

From (1.3 we can see that the relative permittivity of the material used to fabricate the lens
does affect the thickness of the central regi®pecifically,the larger theelative permittivity of
the materials, the thinrer the central region needshie. There is a tradeoff; however, in that it
is desirable to keep reflections from the incident face of the lens to a minimum and the easiest
way to do this is to ensuregaodimpedance match between the lens and free space. The same
methoddescribed above to finthe thickness of the central region was also used to find the
thickness of theemaining regionsRegion1 corresponds to the area in the center of the, lens

whileregion6 corresponds to the area that constituteothiermost regioifsee Figurel.10).

Table 1.1 Geometric properties grofiled lens

region 1 2 3 4 5 6
t(/,) 151 1.39 1.13 0.84 0.52 0.20
width (/) 0.289 0.577 0.577 0.577 0.577 0.577
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Figure 1.10(a) yx, (b)isometric, (czxand (d)zy.

The simulation results for this lenshen excited by plane wave as discussed earkege
displayed in Figures 1.11, 1.12 and 1.13
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Figure 1.11Spatial distribution(Amplitude of E) of profiledlend or d = O0A, 5A,
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f=30 GHz, 6 =25°
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Figure 1.12Spatial distribution (Amplitude of fof profiledlens§f or d = 20A, 25A,
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Figure 1.13Spatial distribution (Amplitude of fof profiledlensf or d = 40A, 45A,
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