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Abstract

The holographic antenna has been validated as a high gain planar antenna in the Ka-band
frequency range. It may potentially replace existing technologies such as reflectors and
phased array antennas where a high gain low profile antenna is required. However, cur-
rent feed devices for this antenna, including horns and open waveguides, are bulky, which

detracts from the attractive silhouette of the hologram.

The linear tapered slotline antenna is proposed as an alternative to these feed devices.
This antenna may be etched onto the same substrate as the holographic antenna providing
a single unit compact antenna. To facilitate the design process, the holographic antenna’s
efficiency was formulated to determine the holographic antenna dimensions and feed pat-
terns that generate optimal performance. By quantifying the various losses incurred in the
system, a direct correlation between antenna parameters and antenna performance was
provided. As such, a systematic approach was taken to optimize the performance of the
holographic antenna by using the linear tapered slotline antenna to generate the desired

feed patterns.
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Chapter 1: Introduction

1.1 Overview

An antenna serves to collect or radiate electromagnetic waves, thus functioning as a transi-
tioning device which converts guided waves to free-space wave propagation. Gain is a
significant antenna parameter which defines the antenna’s ability to focus its energy in a
particular direction. Generally, antenna gain requirements depend directly on the intended
application. High gain antennas are vital in detection systems which deal with a very low
signal level, such as in remote sensing or radio astronomy. Various communication sys-
tems including satellite or point to point networks also require high gain antennas to over-
come prohibitive high path loss occasioned by large distances. Another key antenna
parameter is the operational frequency; future communication systems are progressing
towards the higher frequency bands due to voluminous traffic considerations in the lower
frequency regions. In addition, planar antennas are coveted to fulfill functional purposes
such as aerodynamic installation or simply to conform to aesthetic objectives. Conse-
quently, antenna engineers are faced with the challenge of designing high gain planar

antennas.

Presently, reflectors, lenses, and microstrip phased array antennas are generally employed



where high gain antennas in the Ka frequency band (26GHz - 40GHz) are required. These
systems contain limitations. The reflector and lens antennas, though very efficient, are
hindered by their cumbersome size, and these designs cannot meet low profile require-
ments. Phased array antennas are attractive due to their low profile silhouette and beam
steering abilities. However, at high operating frequencies, particularly in the millimeter
wave range and beyond, losses in the feed network become very detrimental. Phased
array antennas are also very complex and can be costly to fabricate. The holographic
antenna has been proposed as an alternative to these technologies, where a low profile

high gain antenna in the Ka - band frequency range is required.

A holographic antenna employs the principles of holography, which have been extended
from their traditional usage in the optical frequency range, to the problem of antenna syth-
esis. Optical holography deals with the storage and retrieval of an image, although the
fundamentals may be applied to any range of the frequency spectrum where monochro-
matic sources are available [1]. The use of holography concepts in side - looking radar in
the 1950’s stimulated interest in the possible merits of holography elsewhere in the field
of electrical engineering [2]. Several researchers recognized the potential of holography
as applied to antenna design, although, not much progress has been made in this field,

resulting in only a few scattered publications since 1970 [3,4,5].

This prior research has explored various types of holographic antennas culminating in the

dipole volume type holographic antenna designed by K. Levis in 1999 [6]. This antenna



models the interference pattern between the desired radiation pattern and the feed pattern.
As such, holographic antennas may be easily conceptualized simply by viewing this pat-
tern. The composite antenna then constitutes the hologram and an illuminating device.
This antenna has been validated as a high gain antenna, adduced by its low profile and
lightweight attributes with potentially no upper operational frequency limit owing to its

origin in optical theory.

More research must now be accomplished to contribute to the advancement of this versa-

tile antenna.

1.2 Motivation

The development of holographic antennas has not yet reached maturity. Holographic
antennas possess versatility enabling it to accommodate various functions such as multi
focal points for multi-beam applications from a shared aperture. They may provide com-

pactness, enabling flush mounting, hence meeting various physical constraints.

Prior research in this area of holographic antenna study has demonstrated their potential as
high gain antennas complemented by their low profile silhouette. However, previous
designs utilize a waveguide or horn as a feed which detracts from the planar nature of the

holographic antenna. Therefrom, the linear tapered slotline antenna has been proposed as



an alternate feed method which would maintain the planar silhouette of the holographic

antenna.

In addition, due to the early stages of this development, guidelines do not exist to deter-
mine the most efficient feed option for the holographic antenna. A formulation is needed
to ascertain the feed which would generate optimal holographic antenna efficiency. As
such, parameters such as holographic antenna size, and feed pattern generation should be

considered.

Finally, this formulation could be used to assess the most efficient feed pattern option and
the linear tapered slotline antenna can be designed to generate the necessary curve. This
feed may then be etched onto the same substrate as the holographic antenna providing a

single unit integrated antenna.

1.3 Scope

The second chapter details the background of holographic antennas with a specific focus
on the hologram used in this thesis. Some theoretical concepts are discussed including a

derivation of the far field pattern of holographic antennas.

Chapter 3 introduces the tapered slot antenna and outlines its potential as a holographic

antenna feed. Design guidelines are discussed and finally two prototypes were built to



assess the linear tapered slotline antenna’s feasibility as a holographic antenna illuminat-

ing device.

Chapter 4 discusses the efficiency of the holographic antenna, and itemizes the influential
parameters. A formulation was then derived to determine their impact on overall holo-
graphic antenna efficiency dependent on feed selection and holographic antenna size. A
graphical depiction of this formulation was generated to serve as a design aid in future

holographic antenna research.

Finally, in Chapter 5, the formulation derived in Chapter 4 was utilized to design a more
efficient holographic antenna. This involved designing a linear tapered slotline antenna to

generate the feed patterns needed for more effective hologram radiation.

This is followed by a concluding chapter which summarizes the work conducted in this

thesis, the overall results, findings, and future work.



Chapter 2: The Holographic Antenna

2.1 Introduction

Current trends in wireless technology are towards high gain antennas that can operate in
the Ka - band frequency range and beyond, due to the cluttering of the spectrum at lower
frequencies. High gain antennas are required for many applications including radar, satel-
lite, and terrestrial wireless communications. In some applications, low-profile and light
weight designs are also preferable for acrodynamic and aesthetic installation, in addition

to the high gain requirement.

Presently, parabolic, lens, and phased array antennas are employed to satisfy these criteria,
however, both systems contain limitations. Parabolic and lens antennas are hindered by
their cumbersome size, and phased array antennas suffer from poor efficiency due to their
lossy feed networks. The holographic antenna is proposed as an alternative to these tech-
nologies. It may provide high gain in the Ka - band frequency range, complemented by its

desirable low-profile and lightweight configuration.



In this chapter, general concepts of holographic principles are reviewed with emphasis on

their application to antenna designs.

2.2 Theory

Traditionally, holograms are recognized as image forming devices in the optical frequency
range. The interference pattern of light that has been reflected from an object and a refer-
ence wave is recorded to produce the hologram. When this recording is illuminated by the
reference wave, an image of the initial object is generated. This holographic theory may
be applied to any range of the frequency spectrum, where monochromatic sources are
available [3]. Generally speaking, the hologram becomes a recording of the interaction
between a reference wave and an object wave, as shown in Figure 2.1. When this holo-

gram is illuminated by either one of these waves, the other is generated [7].

Mathematically, the object wave, U 0° and the reference wave, U > sum to form a complex

amplitude transmittance, ¢, as demonstrated by Saleh et al. in [7]. This is shown in equa-

tion (2.1).

Z‘OC|Uo+Url2 - lUr|2+lUOI2+Ur*Uo+Uon* 2.1)



Reference

| Recording Medium
Hol ogram

Figure 2.1: Hologram Formation [7]

2 2 . i .
The terms lUr| and |U 0| are denoted as the wave intensities, and can be written as I,
and [, respectively. Thus, through algebraic manipulation, equation (2.1) can be written

as,

tocl, +1,+2 /(I1)cos(arg(U,)— arg(U,)) (2.2)

When this transmittance is illuminated by the reference wave, the object wave is recon-

structed, as demonstrated in equation (2.3).

U=tU,cUlL+UI+ILU, +UU* (2.3)



The object wave is contained in the third term on the right hand side, multiplied by the
intensity of the reference wave, which can be separated from the other terms using various

techniques.

The principles of holography have many different applications ranging from the optical to
microwave frequency spectrum. Microwave holography has been implemented in coher-
ent, or, side-looking radar, and radio communications. It has also been used as a tech-
nique to improve the performance of large reflector and beam waveguides by optimizing
crucial parameters [8,9]. Holography may also aid in compact range measurements where

a planar hologram serves as a plane wave generating device [10].

Of particular interest is the application of holography to antenna synthesis. As a hologram
is designed by approximating the interference pattern between two waves of interest, in
holographic antenna design these are the waves emanating from the feed and the desired
radiation pattern. This hologram, in addition to the source providing the illuminating
wave, constitute the antenna. As such, many different potential holographic antennas
exist, where radiation patterns and feed selection may be chosen depending on the desired

application.

Most of the study in this area was confined to the 1970’s where various methods of con-
structing holographic antennas were considered with successful results [3,4,5]. K. Levis
has followed up on this research in her 1999 master’s thesis titled “Ka-Band Holographic

Antennas” [6].



The following section provides an overview of existing holographic antennas with empha-

sis on the single layer hologram design as it is the focus of this work.

2.3 Samples

As a holographic antenna models the interference pattern between two waves of interest,
the central problem lies in physically reproducing this pattern. Checcacci has introduced
three potential methods of holographic antenna construction [3,4]. The two waves of
interest were a spherical wave (feed pattern) and a wave radiating from a parabolic
antenna (desired far field pattern), and the resulting interference pattern resembles a sinu-

soidal wave with varying periods and intensities.

Firstly, a phase hologram was proposed which consists of a paraffin plate molded to emu-
late the interference pattern [3]. This type of holographic antenna is called a phase holo-
gram and is also known as a lens antenna. Next, a zone plate was constructed by
approximating the wave generated by the interference pattern with either metallic strips or
dielectric strips with an area proportional to the arca of the fringe width of the curve. This
type of hologram reserves the periodicity and fringe widths of the interference pattern.
Lastly, a hologram was constructed which profiles only the periodicity of the pattern by
placing dielectric or metallic rods at the pattern’s nulls. Although these methods provide
only a crude approximation of the interference pattern, when illuminated by a spherical

wave, all successfully regenerated the parabolic antenna wave as desired.

-10-



lizuka et al. has followed up on this investigation by introducing a type of zone plate holo-
gram which models the interference pattern between a planar and spherical wave at /12
GHz [5]. The hologram resembles a series of concentric metallic rings etched on a dielec-
tric substrate which approximates the minima of the interference pattern between the two
aforementioned waves. When illuminated by a spherical wave, this hologram generates a
planar wave which radiates in broadside direction from both sides of the antenna. Iizuka
et al. then proposed a volume type hologram which suppresses the beam radiating from
the backside of the hologram and redirects it upwards where it adds in phase with the
existing beam. This volume antenna consists of two holographic antennas which are
stacked and spaced a quarter of a wavelength apart, resulting in a unidirectional beam

radiating in a broadside direction from the antenna and an increase in gain of 7 dBi.

K. Levis has pursued this area of research by constructing a holographic antenna based on
lizuka’s design at a frequency of 30 GHz [6]. This holographic antenna models the
destructive interference pattern, at a frequency of 30 GHz, between a spherical and a pla-
nar wave. A matlab program was generated to view this pattern, which resembles a series
of concentric rings [11]. The nulls in this pattern were approximated by periodic copper
strips etched onto a dielectric substrate which will maintain the sought amplitude of zero
as the tangential electric field component existing on a metallic surface is zero. A dia-
mond shaped antenna was chosen to favor horizontal polarization, and the width of the
conducting strips was kept as minimal as realizable. An image of the design is shown

below in Figure 2.2.

-11-



Metallic
Strips

Substrate

Figure 2.2: Single Layer Holographic Antenna [6]

The hologram is illuminated by a spherical wave feed located at the focal point of the cop-
per rings. Both a horn antenna and an open waveguide were tested as feed options. They
were located, with manual alignment of their phase centers, at the apex of the antenna.
The resulting measured radiation pattern of the holographic antenna with the open
waveguide as a feed is shown in Figure 2.3 accompanied by an image displaying the loca-
tion of the radiating beams. This pattern demonstrates a maximum gain of /6. 15 dBi at 30

GHz.
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Figure 2.3: Radiation Pattern of the Holographic Antenna with an Open Waveguide Feed [6]
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-13-



A volume type hologram was then generated based on this design where two holographic

antennas were stacked and offset at a quarter wavelength spacing. The design success-

fully redirected the bottom lobe at 6 = ~90° towards the front lobe at 6 = 90°, generat-
ing an increase in gain of 6 dBi. Following this a dipole hologram was designed which
approximates the circular conducting strips by an array of horizontally polarized dipoles.
As such, only the horizontal components of the feed wave are scattered, enabling reduc-
tion of the cross-polarization levels while maintaining the gain of the single layer continu-
ous strip holographic antenna. The cross polarization level reduction of 30 dBi at

broadside has been achieved by this design.

2.4 Holographic Antenna Efficiency

The single layer holographic antenna designed by K. Levis does not quite meet high gain
antenna requirements. This may be due to the poor efficiency of this structure of only
6.25%. This efficiency has been improved through variations of the original design such

as the volume - type hologram and dipole holograms.

To further improve the efficiency of this antenna, thereby increasing the overall gain of
the structure, parameters such as hologram shape and size should also be considered, per-

haps combined into an array formation to ensure complete radiation of the feed power.

In addition, feed selection is crucial as the feed should illuminate the hologram uniformly

while focusing the energy into the hologram. This feed should be aligned properly with

-14-



the hologram so as to illuminate it with a spherical wave while introducing minimal phase

error into the system.

A thorough holographic antenna efficiency discussion and formulation will be given in

Chapter 4.

2.5 Holographic Antenna Far Field Calculation

The treatment of a holographic antenna as an array of conducting arcs has been applied by
K. Levis for the far field calculation [6]. However, this approach is solely applicable to
holograms constructed from conducting strips. For general cases, the aperture field inte-

gration method is preferable.

The far field expression for the holographic antenna can be calculated using Lorentz Reci-

procity Theorem, shown below in equation (2.4). This theorem states that two sources,

Jy, M, and J,, M,, radiate at the same frequency to produce fields, E, H; and E,, H,

[12]. The holographic antenna represents one of these sources, J; , and J, represents a
delta test source which is located in the far field of the holographic antenna. The geometry

for the calculation is shown in Figure 2.4.

~—V'(E1 XE“EZXHI) = El '32+H2'M1—E2'71—H1 'Mz (24)
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Figure 2.4: Holographic Antenna Far Field Calculation Coordinate System

The observation point is situated in the far field of the hologram, at the location of the

delta test source.

The divergence theorem, shown in equation (2.5), is now applied to equation (2.4),

j(v -A)dv = @ - ds (2.5)
v S
Therefore,

-16-



—4(2’?1 XHz—E2XHI)';ldS = I(EI '.72+E2'M1—E2"_]1—H1 'Mz)dv (26)
Ky v

Since the holographic antenna is of finite extent, the surface integral vanishes over a

spherical surface or radius » — . In addition, there are no magnetic current sources for
this problem, therefore, M; and M, are set to zero. Making these substitutions, equation

(2.6) may be written as:

0= '[(El 'jz—Ez -._]1)dv (27)

14

or,

J.EI 'jzdv = IEZ ':]]dv (28)

where J; is the equivalent current on the holographic antenna.

As a delta source is used as the test source, it is modeled by equation (2.9) in spherical

coordinates. The denominator serves to maintain the test source’s amplitude of unity

when it is integrated. The vector a , represents the orientation of the test source.

O(" —7,)8(0" —6,)3(¢" — ¢,) -

Jr(r') = .
' “sin®’

(2.9)

¢
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This may be substituted into equation (2.8) as follows,

By 8(r' —r,)8(0"—0,)8(¢" - 9,) ~

o, sin®'dr' do'do’ = @,Lw (2.10)
2 I
v r'7sin®

In equation (2.10), the volume integral is reduced to a surface integral for a planar holo-

graphic antenna.

This expression is evaluated at the point of interest, (7,,0,,¢,),

= B0~ 7,)8(0" ~0,)3(9" ~§,).
5

Y a,r 2sin0'dr'do’dy = E -a, = JEz-:Ilds
#'“sin®

(2.11)

The expression for the far field of a delta test source, oriented in the [zt direction, as

derived in [13] is,

jk[xsme cosd, + ysinO,sind, +zcos,] _~

Ey(x,y,2) = —ie [a,- (@, 7)7,] (212)

Yo

This may introduced into equation (2.11) to yield the general expression for the far field of

a holographic antenna. The orientation of Zzt may then be chosen to view the desired

polarization component.

18-



- . ; Ko ilxsin® +ysin® +2¢080,] A~ o~ m . -
B g, = [fome’ " gHsintucost, tysidsing, tzeostul e oo sy g 013

41tr
S

The holographic antenna, constructed from conducting strips’, current density, J; , can be

written as a summation of the currents existing of the individual arcs as,

N
Ti(r, ) = ZS(R_ D cos (o —n/2))" %%,

i=1

(2.14)

where N is the total number of conducting strips and (cos(¢ -t/ 2))’1/2 is the field pat-

tern existing on the holographic antenna and will be discussed further in Chapter 4.

This may now be substituted into equation (2.13) for the far field,

R
N L3n/4jmue Jkr Jk[xsme cosd, + ysinO,sind, + zcos6 ]8(R R)
=2 z
i=1R, n/4

(cos(d—m/2))" *1a,~ (&, 07,1 - agRAYdR (2.15)

Choosing Ezt =a b would enable determining the hologram’s far field H - plane copolar-
o

ization pattern. Consequently,
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N 3n/4 —jkr, ) ’ . .
E & jope ° JjkR,[sinOsinB,cosdcosd, + sinBsind,sinsing, + cosOcosh,]
- a = ——————— e
%9, Z 4n 7,
i=1mn/4

(cos(p—n/2))" *cos(, — b)do (2.16)

where x, y and z have been converted into their spherical coordinate equivalents and

Ez¢0-&¢ = cos($,—¢).

This normalized radiation pattern is depicted in Figure 2.5, demonstrating the desired

beam peaks at 0° and 180°, and sidelobe levels of less than -20 dBi.

H - Plane, Copolarization

—e—n=2

—+—n=3
—+—n=4
""""""""" - n=5
—%—n=7

-20
——1n=0.01

S e o e i

Normalized Far Field Pattern (dBi)

-60 R 11 (BTRE U116 et S RV R VL -
T ANy | N jW“

0 50 100 150 200

Azimuth Angle (degrees)

Figure 2.5: Holographic Antenna Calculated Far Field Radiation Pattern
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2.6 Conclusion

Traditional optical holographic theory has been applied to the microwave frequency
region for use in multiple applications. Among these applications, the principles have
been successfully applied to the problem of antenna synthesis. Various designs have dem-
onstrated the potential of the holographic antenna to generate any desired radiation pattern
by constructing a crude model of the interference pattern between the radiation and feed
patterns. Thus, antenna design may be conceptualized by simply viewing this interference

pattern.

In the Ka - band frequency range, the holographic antenna has been validated as a viable
high gain antenna. It is, however, hindered by previous non-planar feed choices. These
waveguides and horn feeds require manual alignment with the holographic antenna. This
is cumbersome to the user and can introduce significant efficiency degradation due to mis-

alignment into the system.

An attractive feature of the holographic antenna is its planar profile, however current feed

methods detract from this attribute. Horn antennas and waveguides are bulky and do not

allow for applications where flush mounting is desired.

The linear tapered slot antenna is proposed as a feed alternative. This antenna can gener-

ate the required spherical illumination wave while maintaining the low profile characteris-
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tics of the hologram. It may also be etched onto the same substrate as the holographic

antenna resulting in a single unit antenna and eliminating alignment issues.

The single layer diamond shaped holographic antenna is chosen as the focus of this work,

once the new feed method has been designed, it can be applied to other holographic anten-

nas designs such as the volume type hologram, and dipole hologram.
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Chapter 3: The Tapered Slotline Antenna

3.1 Introduction

The holographic antenna is formed by modeling the interference pattern of two waves. In
this application, the two waves chosen were a spherical wave and a planar wave which
interfere to produce a fringe pattern of concentric rings. This pattern is modeled by a set
of periodic metallic strips etched in copper on a dielectric substrate. When this interfer-
ence pattern is illuminated by a spherical wave, a planar wave is generated in a broadside
direction. Therefore, a holographic antenna feed is required to launch this spherical wave

into the antenna.

Prior feed methods have included open waveguides and horn antennas which successfully
generate the required spherical illumination wave. However, they are both bulky which
detracts from the planar nature of the holographic antenna. In addition, these feeds require
manual alignment with the holographic antenna which is cumbersome to the designer.

This alignment is prone to error and can introduce loss into the system.

The linear tapered slot antenna (LTSA) has been proposed as an alternative to existing

feed devices. The LTSA can generate the required spherical wave while maintaining the

23



low profile characteristics of the holographic antenna. This antenna may also be etched
onto the same substrate as the hologram, providing a single unit antenna and eliminating

any alignment issues.

This chapter provides an overview of tapered slot antennas, design considerations, and its

potential as a holographic antenna feed.

3.2 General Theory of a Tapered Slotline Antenna

The tapered slotline antenna, TSA, consists of a slotline which is flared to promote radia-
tion at one end. This tapered slot is cut into a thin film of metal, and backed, either with or
without, a dielectric substrate. The taper functions to transform the guided wave from the
slotline to a radiating plane wave. Many different variations of the taper profile exist, and
they are shown in Figure 3.1. These different tapers may be classified as non-linear taper,
linear taper, or constant width taper. Figure 3.1 a) displays a popular form of the TSA
which is called the classical vivaldi antenna. It is discerned by its exponential taper

design, which was developed by Gibson in 1979 [14].

The tapered slot antenna may be employed when a flush-mounted, or low silhouette

design is required. The low profile TSA design lends itself well to full integration with

MICs and other circuitry, or use in array applications [15,16].
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a) Non-Linear Taper

¢) Linear Taper

b) Constant Width Tapex

Figure 3.1: Tapered Slot Antenna Variations
a) Non-Linear Taper b) Constant Width Taper c) Linear Taper

Single element TSAs may be employed as feeds for reflector antennas or use in receiver/
transmitter devices. When combined into an array, TSAs have applications ranging from
imaging, and satellite communications to spatial power combining [17]. The TSA has
higher gain when compared to the planar microstrip antenna; single element gain can be
achieved between /2 and 20 dBi with sidelobe levels of approximately /2 dBi, and good
cross-polarization characteristics [18]. The operational bandwidth of a tapered slot
antenna is also higher than that of a microstrip antenna due to its travelling wave nature.
TSAs are advantageous at higher frequencies as the geometry of resonant microstrip

antennas becomes minute and the ensuing fabrication is costly, due to their tight tolerance
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requirement [19]. At high frequencies, resonant microstrip antennas also suffer from poor
efficiency due to conduction losses. Tapered slot antennas are desirable at higher frequen-

cies as they retain lower losses, however, are hindered by their larger size [19].

Tapered slot antennas radiate in the end-fire direction with symmetrical beams in the E
and H planes over the significant portion of the main lobe [15]. Figure 3.2 displays typical
E and H plane patterns of the TSA. The radiated electric field is linearly polarized and

parallel to the plane of the TSA. The magnetic field is perpendicular to this electric field.

The tapered slot antennas possess a broadband characteristic, exhibiting multi-octave
bandwidth capabilities, with constant gain over the bandwidth: it has been demonstrated
in [14] that a TSA can maintain the /0 dBi gain over a frequency bandwidth from 2 GHz
through 40 GHz. This broadband performance has been attributed to the fact that different
portions of the taper radiate at different frequencies [20]. The lower frequency limit is
imposed by the narrow end of the slotline while the higher end of the frequency band is
determined by the width of the tapered slot [21]. In practice, however, the feed process
will limit the achievable operational bandwidth [22]. Difficulty arises when trying to
match the high impedance slotline to the feed network. Impedance mismatch can occur
leading to standing waves in the feed [21]. These feed methods include transmission
lines, microstrip lines, waveguides, and the probe feed, which all serve to excite a wave in

the narrow end of the slotline of the TSA.
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Figure 3.2: Tapered Slot Antenna Radiation Patterns
a) E - Plane, Copolarization b) H - Plane, Copolarization
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The tapered slot antenna is classified as a traveling wave antenna [23], specifically, this
antenna belongs to the surface wave variety [15]. Surface wave antennas typically radiate
in an end-fire direction. These surface waves propagate along the guiding structure and
attenuate exponentially away from the interface, radiating when they reach the edge of the
structure, or at the discontinuities. Figure 3.3 displays the wave’s exponential decay while

propagating along the medium in the positive z direction.

Figure 3.3: Surface Wave

Mathematically, a TE field may be expressed as shown in equation (3.1), for a planar

guide infinite in the y dimension, assuming a lossless guiding structure.

— —a,\x—szZ — "‘?‘i'
E (x,z) = E, e =E, e 3.1)
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The attenuation constant, o, signifies the exponential decay along the x axis. The phase
constant, fB_, indicates propagation along the z axis. These two components are combined

to express the propagation constant, .

’y = Yxax + ’YZ&Z = ax&x +jBZ&Z (3.2)

The field in equation (3.1) is a solution of the source free wave equation for the electric

field, presented in equation (3.3),

2 2.,
V'E,+k,E, = 0 (3.3)

where £ is the free-space wavenumber,

k, = ope = o/c (3.4)
: . . —jkx—jk,z .
A two-dimensional wave equation, Ey = Ey e , requires that,
R A (3.5)

where, for a surface wave propagating along the z axis,
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jk, = v, = a (3.6a)
and,

Jk, = 7B, (3.6b)

The propagation constant from equation (3.2) may be used to determine the phase veloc-

ity, Vys of the surface wave, where,

v, = 0/B, 3.7
and,
ko=l K =P (3.3)
Therefore,
p. = i+ al>k, (39)
and,
v, = 0/B, = k,c/B, (3.10)

As B, >k _, the phase velocity, v_, of the TSA is therefore slower than the speed of light.
z7 %o P

The structure propagating this slow wave is known as a slow-wave structure. Figure 3.4

displays a graph of k_d versus Bd [21].
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Figure 34: k d vs Bd Diagram Depicting Slow Wave Travel [21]

The TSA antenna lies in furthermost right quadrant of this diagram, depicting forward
traveling slow waves which radiate at the termination of the guiding structure in the end-

fire direction.

Most of the research performed in this area has been based on empirical studies. Equa-
tions have been developed to provide guidelines for the dimensions of the TSA [24]. For
a linear tapered slotline antenna the recommended lengths and widths are shown in equa-
tion (3.11) through (3.13). A diagram defining these dimensions is illustrated in Figure

3.5.

W = Ltan(y) (3.11)
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= 3.3 (3.12)

1T

D>2.75), (3.13)

The gain of a TSA improves with the lengthening of the antenna, L, for a given aperture
angle, y [14]. If the length of the antenna is less than A . » the antenna will radiate through
resonance rather than as a traveling wave antenna [21]. The total width of the antenna,

2D, should be large enough to mitigate scattering from the edges which causes rippling in

the radiation patterns [21].

Figure 3.5: Linear Tapered Slotline Antenna Dimensions

Equations have also been derived to determine choice of substrate thickness, ¢, and dielec-

tric constant, €, [15]. These parameters control the rate at which electromagnetic radia-

-32-




tion occurs. An equation relating the thickness and permittivity of the substrate is

provided in equation (3.14) [17].

g = t(@-— 1) (3.14)

This effective thickness, ¢ off? should lie in the range shown in equation (3.15) [17].
0.005%,, < tr<0.032, (3.15)
where A is the free space wavelength.

For an effective thickness above the upper range, undesired substrate modes can develop,
which significantly degrade the radiating beam. For values below the lower range, there is
a decrease in antenna directivity, coupled with high cross-polarization patterns and less
symmetrical beam patterns [23]. Use of an air dielectric results in larger beamwidth pat-

terns [17].

At high frequencies, thin substrates are required to remain within the suggested thickness
range recommended in equation (3.15). This results in an impractical fragile antenna.
Porous substrates may be used which effectively reduce the effective thickness of the sub-

strate and have demonstrated good radiation performance [25,26].
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3.3 Tapered Slot Antenna Feed

3.3.1 Slotline

The tapered slot antenna is composed of a flared slotline which radiates in an endfire
direction. A feed is required to excite a wave in the narrow end of the tapered slot or slot-
line which propagates along the structure. This slotline is composed of a narrow gap in a

conductive coating and backed by a dielectric substrate, as shown in Figure 3.6 a).

Slotline

e s
I Dhglactric -
i sy
) Subsfrate

a) Geometry b) Fields

Figure 3.6: Slotline [27]
a) Geometry b) Fields

An applied voltage difference across the conducting edges bordering the slot will excite an
electric field that lies in the plane of the slot. The surface current density is greatest at
these edges and gradually recedes away from the slot. A depiction of the proximate elec-
tric and magnetic field distributions in the slotline is shown in Figure 3.6 b). The mode of

propagation is non-TEM, and most resembles the transverse electric mode [28].
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The dielectric constant, €, of the substrate will determine how closely bound these fields

are to the slotline. A high permittivity value will yield tightly bound fields encouraging
transmission along the slotline as opposed to radiation. Since the fields exist simulta-

neously in the substrate and surrounding free space, an equation has been derived to calcu-

late the effective dielectric constant, €, off" An approximate value is given in equation

(3.16).

g, +1
Creff = 5 (3.16)

A high permittivity substrate will beget small wavelengths when compared to those of

free-space. An approximate slotline wavelength can be calculated by equation (3.17),

(3.17)

where A  is the free space wavelength.

These slotlines possess no cutoff frequencies and may therefore be employed at any fre-

quency. The slotline impedance, Z,, varies with frequency and is dependent on the slot-

line width and choice of substrate. Graphs relating the slotline’s wavelength, A,
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impedance, Z,, and geometry are readily available for popular permittivity values for

design purposes [27].

3.3.2 Microstrip Line

A microstrip line strategically placed on the backside of the slotline structure can be used
to couple energy into the slotline. Other possible feed mechanisms for the slotline are
coaxial cables, waveguides, or striplines. The microstrip line is chosen due to its low pro-
file design, which fulfills the requirements of the primary structure, and integrability with
other circuitry. Disadvantages to this setup include radiation from the microstrip line,
higher conduction loss, and the narrow band characteristic of a microstrip to slotline cou-

pling circuit.

A microstrip line consists of a conducting strip situated above a grounded dielectric sub-
strate, as displayed in Figure 3.7a). The conducting layers form a transmission line where

the wave may propagate. The accompanying field distribution is shown in Figure 3.7 b).

This open structure contains a dielectric - air interface which creates fringing fields that
prevent the structure from supporting a purely TEM propagation mode, although it is

nearly TEM in nature [27]. The electromagnetic fields exist in both the substrate and sur-

rounding air which is accounted for by calculating an effective dielectric constant, €, eff
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Figure 3.7: Microstrip Line [27]
a) Geometry b) Fields

This is shown below in equation (3.18) [27],

e, t+t1 ¢ -1 -0.555
where /4 is the substrate height, and w is the line width.
This value may be used to calculate the wavelength in the guiding structure, A, , with
respect to the free space wavelength, as shown in equation (3.19).
7\'0
A= (3.19)



The characteristic impedance of the slotline, Z , is dependent on the substrate’s permit-

om?
tivity, €,, and height, 4, and the microstrip line’s width, w. For a microstrip line with a

ratio of w/h < 2, the equation shown in (3.20) can be used to calculate the microstrip line’s

characteristic impedance [27].

377 8% 1/ w 2 1€ -1 T 1 4
R ) g
om ) (8r+1)1/2|:n w 8\2h 28r+1 n2 gr nn ( )
T
2

3.3.3 Microstrip/Slotline Transition

This microstrip line is now placed on the backside of the dielectric substrate to function as
a feed which couples energy into the slotline, as illustrated in Figure 3.8 a). To generate
coupling the microstrip line crosses the slotline on the underside at a right angle. The por-

tion of the slotline structure which overlays the microstrip line will serve as its ground

plane. The microstrip line is extended a distance of A, /4 past the transition region and

terminated in an open circuit; the slotline is also extended A /4 and terminated in a short

circuit. This creates the equivalent circuit shown in Figure 3.8 b) which promotes cou-

pling between the two lines.

In this circuit, the microstrip line will see the total impedance as a series connection of the

load impedance due to the slotline and the A, /4 open circuit stub. Consequently, the

total impedance is simply the load impedance due to the slotline. At the transition, the
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slotline impedance is a parallel connection of the A /4 short circuit stub and the imped-

ance of the slotline termination in a TSA. Consequently, the impedance of the slotline ter-
mination in a tapered slot antenna is the load seen by the microstrip line after a proper

transformation.

Tt

Z nten L— Source(>)

a) Geometry b) Equivalent Circuit

Figure 3.8: Microstrip/Slotline Transition
a) Geometry [29] b) Equivalent Circuit

Hence, the impedance of the microstrip line must be matched to the transformed imped-
ance of the slotline to promote maximum coupling. This is a difficult task given the high
impedance characteristics of the slotline. Y. H. Choung and W. C. Wong have established

a set of equations to facilitate the design of the slotline and microstrip feed [29]. They are

shown below in equation (3.21) through (3.25). In these equations, Z

om. os » fDresent the
H

microstrip line’s and slotline’s characteristic impedances, respectively, A .. s tepresent the
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free space wavelength, and the slotline’s wavelength, and 4 denotes the substrate’s thick-

ness. The variable #n functions as a turns ratio between the two elements.
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Figure 3.9: Slotline vs Microstrip Line Impedance
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Figure 3.9 displays the linear relationship that is found between the characteristic imped-

ance of the slotline and the microstrip line for various substrate heights, given A o= lem,

A. = 0.7cm, and g, = 3.38.

S

3.4 Far Field Radiation Pattern of the Linear Tapered Slotline Antenna

The derivation of the far field LTSA pattern is accomplished by a first order approxima-
tion, using the fourier transform of the aperture field, F(x), as shown in equation (3.26)

[12].

—ikR
E = jF(x)% (3.26)

The LTSA is positioned along the z axes as shown in Figure 3.10. The length of the aper-

ture is W, centered around the origin. R is taken as the reference point for the calculation
and is the distance from the origin to the far field, R —> w. R’ represents the distance

from the antenna aperture to the far field.

For this antenna, the expression for the electric far field is shown in equation (3.27), where

C is a constant and F(x) represents the aperture plane field.
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Figure 3.10: LTSA Far Field Calculation Geometry

W kR’
_ e
E=C f F(x)ﬁ; dx (3.27)
-w

In the far field, the magnitudes of R’ and R are approximately equal, and their accompa-

nying unit vectors, R’ and R, are pointing in the same direction. However, the existing

phase difference cannot be neglected. It can be accounted for as follows,

xx+R'R' = RR (3.28)
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x(x-R)+R'(R-R) = R(R-R)

By applying the dot product,

=y
=y
Il

3 R = sin® and
Therefore,
R = R—xsin6
This expression for R’, is substituted into equation (3.27),

w MR~ x5in6)

E=C [Fx)——4a
JFO R sy ™
—W

(3.29)

(3.30)

(3.31)

(3.32)

As R — o, the expression xsin® becomes insignificant in the denominator and can be

omitted from the equation. In order to further simplify the expression, it is noted that the

kR

exponential term % is a constant which can be absorbed by the existing constant, C.

w
E=C J-F(x)ejkxsm9dx
-w
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The integral is now divided into two portions, where x' = —x, representing the portion of

the antenna lying along the negative x axes.

0 w
E = c{ | F(x )™ ™0 gy + JF(x)ejkainedx} (3.34)
- 0
or,
0 . . W . .
E = C[— [FGye? s+ jF(x)e’kxsmedx} (3.35)
w 0

And by switching the limits of the first term, and enforcing the symmetry where

F(—x) = F(x), the equation takes the form,

174 W
E = C[ jF(x)e‘f""Si"edH IF(x)eijSinedx:| (3.36)
0 0

The two integrals can be combined using Euler’s identity, and the factor of 2 can be

absorbed by the constant, C,

w
E=C jF(x)cos(kxsine)dx (3.37)
0
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Now that an expression for the far field has been derived, the aperture plane field, F(x),
must be found. Figure 3.11 depicts the geometry used for this derivation, where the

dashed line represents the spherical wave front generated by the tapered slot antenna.

Figure 3.11: LTSA Aperture Plane Field Geometry

This expression is composed of both phase and amplitude components as shown in equa-
tion (3.38), where W(x) represents the phase distribution and f{x) represents the ampli-

tude.

F(x) = fix)e ¥ (3.38)

The phase component, ¥(x), must account for the phase lag at the edges, +#, of the
structure due to the nature of the spherical wave front. The distance between the wave-

front and the x axis is denoted as p — L. Consequently, W(x) can be expressed as,
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Y(x) = p(x)-L (3.39)
The distance p can be denoted in terms of o by equation (3.40).
p(x)= L/cos(a(x)) (3.40)

Substituting this into equation (3.37), the phase component of the aperture plane field

becomes,

L 1
Flx) = cos(oc(x))_L - L(cos(oc(x))_ l) (3.41)

The accompanying amplitude expression has been derived by Janaswamy et al, as shown

in equation (3.41), where y represents the taper angle [24].

cos(o(x))

Jin( o)

fx) = lal <y (3.42)

Combining both the amplitude and phase, the final expression for the aperture field is,
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, 1
cos(a(x)) -jkL(COS(x(x) h 1)

e lal <y (3.43)
Jtan(@ ? — tan(oi(zﬂ) ?

F(x) =

This can now be introduced into the far field equation, (3.37), as shown below.

" cos(a(x)) K kL(COS;(x) -
E=C e cos (kxsin0)dx la <v
2
0 J tan (9 ’ - tan((l(zic))
(3.44)
The distance x can be expressed as:
x = Ltan(a(x)) (3.45)
And, by taking the derivative of x,
dx = L(seca(x)) dox) = ———da(x) (3.46)
(cos(a(x)))

Substituting these values for x into equation (3.44) yields the final expression for the linear

tapered slot antenna’s electric far field,
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da(x)

. |
E = C} COS(OC(X)) COS(kLtan(OL()C))Sin(e))e—jkl'(cosot(x)_l)
2
0 /\/tan(%)z - tan(o_ﬂzﬂ)z (cos(a(x)))

given, |a| <y  (3.47)

A matlab program was written to generate a plot of this electric field, the normalized far

fields are shown below in Figure 3.12, for different taper angles and assuming kL = 57 .
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Figure 3.12: Linear Tapered Slotline Antenna Calculated Far Field Pattern

This graph demonstrates the 3 dB beamwidth of the pattern decreasing as the tapered
angle of the slot becomes larger. This beamwidth decreases from 86.4° given a y = 5°

tapering angle to 22° for the Y = 16°.
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3.5 Design Samples

Two linear tapered slotline antennas were designed, as shown in Figure 3.13, with a
microstrip feed. The dimensions were calculated from LTSA design equations provided

by Janaswamy. They are shown previously in equation (3.10) through (3.12).

FEED LINE

Figure 3.13: Linear Tapered Slotline Antenna

The substrate and operating frequency were chosen to accommodate the holographic

antenna. This entailed an operating frequency of 30 GHz, with an accompanying wave-

length of A, = I cm, and a Duroid 4003 substrate. Arbitrary aperture angles of 6° and

15° were chosen for the initial models. A table displaying both structures final dimen-

sions is shown in Table 3.1.
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Table 3.1: Dimensions of LTSAs at 30 GHz, 2y = 6° and 2y = 15°

Aperture Angle: 2y = 15°

Substrate: Duroid 4003 g, = 3.38 t = 20mils s = 0.001
Aperture Angle: 2y = 6° 2W = 0.52¢cm 2D = 6.096cm | L = Scm
2W = 1.466cm | 2D = 6.096cm | L = Scm

The microstrip line - slotline transition was designed at a frequency of 30 GHz, on a
Duroid 4003 substrate. For this frequency, a K-connector, with a characteristic impedance
0of 5002, is used to deliver power to the microstrip line. Therefore, for matching purposes,
a microstrip line was designed with a characteristic impedance of 50Q. The correspond-
ing dimensions were calculated using the software Linecalc [30]. Following this, a short
program was written in Mathematica to calculate the appropriate slotline impedance and

width using the equations provided in (3.21) through (3.25) [31]. The slotline was termi-

nated in an open rather than a short circuit, therefore, the stub length was adjusted to A,/2

to maintain the open circuit at the transition. These values were then adjusted slightly dur-

ing the simulation process to achieve better matching characteristics. The dimensions of

the microstrip - slotline transition are shown in Table 3.2.

Table 3.2: Dimensions of the Microstrip - Slotline Transition at 30GHz

Substrate | h = 20 mils

=338

€,q = 2.672 | metal

thickness = .038 cm

Microstrip z,, =50Q
Line

w=0.124 cm

A, =.6lcm | N,/4=.15cm

Slotline Z,, =118Q

w=.110cm | )

N

=.7cm A/2 =.35cm
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These antennas were simulated using Ansoft HFSS and prototypes were built to confirm
the accuracy of the simulated results [32]. The far field radiation patterns and return loss
graphs, including both simulated and measured results, are shown in Figure 3.14 through

3.17, accompanied by Table 3.3 displaying the results.

The measured results are in good agreement with the simulated results displaying high

sidelobes and significant pattern rippling. As expected, the 3 dB beamwidth narrows from

30° to 24° as the taper angle increases from 6° to 15°. The return loss indicates better

matching than that predicted by the simulated results.

Table 3.3: Measurement Results of LTSA Antennas

. 3dB Bandwidth
TSA Angle Gain Beamwidth Return Loss (GHz)
_ o 6 dBi 0 -11.5dB 28.5-29.5
2y =6 30 @ 29 GHz
1O 8 dBi 0 -12dB 29.3-30.6
2y =15 24 @30 GHz

tyr = 20mils(/338— 1) = 0.042,
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1t should be noted that the Duroid 4003 substrate utilized does not fall within the substrate

recommendation mentioned earlier in equation (3.13). Given a permittivity of & = 3.38,
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Figure 3.15: Measured and Simulated Return Loss Results of an LTSA with a 6° Taper Angle

This value is outside the recommend upper limit of 0.03,. This leads to degradation in

the radiating beam and unwanted substrate modes which may cause the high sidelobes and
pattern rippling. In addition, radiation from the microstrip feedline and scattering from

the antenna’s edges can contribute to these higher sidelobes and pattern interference.

Furthermore, a microstrip line and slotline were built on the Duroid 4003 substrate to
assess the losses incurred in these lines at 30 GHz. Measurements indicate a loss of
0.2992 dB/cm exist in the microstrip line, and 0.592 dB/cm of loss in the slotline. For the

relevant structures, this amounts to 0.93 dB of loss in the microstrip line and 7./8 dB of
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Figure 3.17: Measured and Simulated Return Loss Results of an LTSA with a 15° Taper Angle

loss in the slotline. Therefore, given a more efficient feed to excite a shorter slotline, the

gain of the LTSA can be improved.

3.6 Conclusion

The tapered slotline antenna is a low profile antenna which radiates in an end-fire direc-
tion while producing symmetrical radiation patterns in the E and H planes. Single element
gain between /2 and 20 dBi has been achieved with a large operational bandwidth. This

slow wave structure may be fed by a microstrip line which couples energy into the slot-
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line. Published literature provides guidelines to design both the TSA and feedlines. A
first order approximation of the radiated far field pattern demonstrates controllable beam-

widths achieved by varying the taper angle of the structure.

Two linear tapered slotline antennas were designed using Ansoft HFSS and tested to
determine the accuracy of the software and the potential of the LTSA as a holographic
antenna feed. The software proved dependable as the simulated and measured results
were analogous. The radiation pattern displayed high sidelobes and rippling. This is
attributed to spurious radiation from the feedline and scattering from the antenna edges.
In addition, the substrate chosen to accommodate the holographic antenna is outside the
practicable thickness range, leading to undesirable substrate modes which can degrade the
gain of the LTSA and cause pattern rippling. The feedline and slotline are also a source of

gain loss at the operating frequency.

The planar profile of the linear tapered slotline antenna complemented by its controllable
beamwidths promotes this antenna as a viable holographic antenna feed. The hologram
may be etched onto the same substrate as the LTSA providing for a single unit antenna
while eliminating alignment errors. As such, the hologram could be situated at the phase

center of the LTSA allowing its spherical wave to illuminate the hologram.

In order to generate optimal holographic antenna performance, the feed pattern must be
properly selected. An efficient feed would illuminate the hologram uniformly, and gener-

ate minimal spillover losses. To ascertain the most efficient feed option, a formulation of
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the holographic antenna’s efficiency has been derived to serve as a design aid when deter-

mining feed patterns.
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Chapter 4: Holographic Antenna Efficiency

4.1 Introduction

The efficiency of an antenna is determined to assess the losses impacting the overall per-
formance of an antenna. By quantifying the various losses incurred in the system, insight
is given into the potential of the design and the influence of particular antenna parameters
on its capabilities. This efficiency formulation facilitates the design process by providing
a direct correlation between antenna parameters and antenna performance. As such, a sys-

tematic approach may be taken to optimize the performance of the antenna.

A holographic antenna consists of a feed which illuminates a secondary aperture, similar
to reflector and lens antennas. For a holographic antenna, the secondary aperture is a
hologram which performs a beam forming function. When the feed and the hologram are
non-coplanar, the approach for feed efficiency determination, as given by Silver, may be
applied [33]. However, for the coplanar case, investigated in this thesis, the direct appli-
cation is not possible, as the equivalent aperture dimension which intercepts the feed

power is not evident.

In this chapter, the technique to overcome this difficulty is presented. The holographic

antenna’s efficiency is then formulated to determine the holographic antenna dimensions
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and feed selection that generate optimal antenna performance. The total efficiency com-
prises the three main sources of loss, namely, the spillover, amplitude taper of aperture

distribution, and termination efficiencies.

4.2 Antenna Efficiency

The efficiency of an antenna can be calculated from the general equation for the gain of
the antenna, shown in equation (4.1) [12]. It displays the directional capabilities of the

antenna as well as its efficiency,

G = — max ~ rad (41)

where G is the gain, U, is the maximum radiation intensity, P, , is the antenna radi-

max rad

ated power, and P;, is the total input power to the antenna. By factoring out the directiv-

ity, D, from equation (4.1), we are left with the antenna efficiency, 1,

G =nxD (4.2)

In general, antenna efficiency is dependent on mismatch, conduction, and dielectric losses

[12]. However, other sources of loss may also be present which are specific for each type

-59.



of antenna under investigation. The main sources of loss in a holographic antenna can be

identified by examining the antenna configuration shown in Figure 4.1.

Metallic
Strips

Substrate %}%

Figure 4.1: Holographic Antenna with Feed

Firstly, loss is incurred if the total feed radiated power is not completely confined to the
hologram. Feed energy that is radiated outside of the subtended angle, 2Q), of the holo-
graphic antenna cannot contribute to exciting the antenna and therefore represents loss in
the system. This results in loss as the energy transmitted through to the hologram is only a

portion of the total power emitted by the feed. This efficiency is termed the spillover effi-

ciency and is denoted as 1,;;.
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Secondly, in order to achieve the maximum directivity from a given aperture antenna, it is
necessary that the antenna is illuminated uniformly by the feed. Any tapering of the
amplitude along the holographic aperture will result in a reduction in antenna gain which

is reflected by a decrease of antenna efficiency. This loss, due to tapering of the feed

beam pattern, is termed the taper efficiency and is denoted as 1, aper-

Lastly, any residual power at the terminal length of a holographic antenna represents loss,
since it indicates the power that has not been scattered by the hologram. This efficiency is

dependent mainly on the rate of radiation of the hologram. It is termed the termination

efficiency and is denoted as n,,,,, -

The total efficiency of the holographic antenna is a product of these efficiencies, as shown
below. Various efficiencies affecting the gain of a holographic antenna can be readily

identified by rewriting equation (4.1) as,

G = (4,“: Umax, uniform) Pintercepted Umax ) ( Prad (Pfeed (4.3)
P Pfe ed U P P

rad max, uniform intercepte inpu

where,

U

max, un lfOr"l
uniform aperture distribution as determined under the

condition of equal P, ;

= maximum radiation intensity from a
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P = feed power intercepted by the aperture

intercepted

Pfe .4 = total power radiated by the feed

U,oe = maximum radiation intensity from the actual

aperture distribution

P,,; = power radiated by the holographic antenna

P = total input power to the feed

input

It is clear that the first term is the maximum directivity, D, from the given aperture

(D = 4n—4§; A =aperture area). All other terms are related to efficiencies, hence
A

equation (4.3) can be written in the following form,
G = DX Nepit) X Mygper X Neermination * Mfeed (4.4)
The total efficiency, 1, can be written as,
M= Nspitt * Vygper * Niermination * Nreed (4.5)

It should be noted that the feed efficiency, n feed> is included to represent any losses in the

feed. For an open waveguide or a horn feed 1 feed is very close to 100% [34]. For other
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types of feeds, such as the printed type, as considered here, 1 feed CAN noticeably degrade

the achievable efficiency.

In the following section the problem is outlined and detailed derivations of these efficien-

cies are presented.

4.3 Efficiency Derivation

4.3.1 Problem Formulation

For a holographic antenna, where the feed and the hologram are coplanar, it is necessary
to first identify the intercepting area of the hologram with respect to the feed. By postulat-
ing that the holographic antenna occupies a cone, as displayed in Figure 4.2, the total
power radiated by a holographic antenna is relative to the power of the feed over a spheri-
cal surface, A. This represents the feed power intercepted by the holographic antenna,

which will be rescattered by the hologram.

The verification can be done by applying the Poynting theorem to the conic volume ¥,

enclosed by the front spherical surface, 4, the end spherical surface, B, and the conical
surface, C. It should be noted that the dimension of the conic section is chosen suffi-

ciently large enough to encompass the hologram.

It is known that in a source free region [35],
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Prad & B

Hologram
Feed

R,

R/

Re 4 (E,xH™)-nds = 0 (4.6)

where, Re( ) represents the real component, and,

Et = Efeed+Ehol (4.72)

H, = Hppoq+ Hp (4.7b)

the subscripts feed and hol denote the fields emanating from the feed or holographic
antenna, and 7 represents the orthogonal unit vector pointing outward from the volume
v

0"
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Simplifying equation (4.6) gives,

Re Cf (Efeed X ﬁfeed*) -nds +Re C_f (Eporx Hyol™) - nds + ...
A+B+C A+B+C

Re 4 (Efeed X Hhol* + Ehol x ered*) -nds = 0 (4.8)
A+B+C

and the last term of the left hand side will vanish, following the alternative form of the rec-

iprocity theorem (Appendix A).

For a holographic antenna radiating in a direction significantly askance of endfire, the

fields on the surfaces 4 and B are mainly from the feed, thus implying that

Re [(Eporx Hyo™) - nds + Re [(Epot x Hpo*) - nds  is  negligible with respect to
A B

Re [(Efeeq * Hpped") - ndds + Re [(Efeeq % Hped®) - nds . Since the feed power does not
Y B

traverse the surface C,

Re I(Efeedxﬁfeed*) -nds = 0 (4.9)
C

Hence, equation (4.8) can be reduced to,
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Re j(Efeed X Hpeg") - ny,ds = Re I(Efeed x Hpoed") - nds + Re I(Ehoz x Hyo*) - nds
A B c

(4.10)

Equation (4.10) indicates that the feed power intercepted by A4 is equal to the power radi-

ated by the holographic antenna plus the residual power of the feed at the terminal length,

R, , of the hologram. This derivation establishes that the area A represents the intercept-

ing area of the hologram to the feed.

In the following analysis the subtended angle of the area A4 will be utilized. The analysis
will be done by assuming an ideal feed with a circularly symmetric pattern as depicted by

Silver, as shown in equation (4.11) [33].

IA
R NIa

Gloea(8) = 2(n+1)(cosB)" 0|
(4.11)
Glooa(®) = 0 6] >

Many actual feeds may be approximately represented by equation (4.11) over a significant

portion of the main lobe.
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The electric field expression for the field pattern, £ feed> is related to gain through the radi-

ation intensity, Ug,,4,

2 2
Groed ® Usoed 1 |Efeed (4.12)
therefore, the electric field is,
1 red o N2(n+ 1)(cos0)"? (4.13)

The normalized feed gain patterns for differing » values are shown in Figure 4.3.
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Figure 4.3: Normalized Feed Gain Patterns for Efficiency Derivation
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The conal configuration and the expression representing the feed pattern, equation (4.11),

are now used to derive expressions for the aforementioned efficiencies.

4.3.2 Spillover Efficiency

The spillover efficiency, n spill» represents losses in feed power which ‘spill over’ the

sides of the holographic antenna, therefore, not contributing to exciting the antenna. As

derived in section 4.2, the spillover efficiency is a ratio of the feed power intercepted by a

conical surface 4, P to the total radiated feed power, Procd- Mathematically,

intercepted?

it is expressed as,

_ Pintercegted (4.14)

Nspitt = Poed

Using the ideal feed as defined by equation (4.11), equation (4.14) can be reduced to,

2nQd
f IZ(n+ 1)(cos0)"sin0d0dd

_ .00
Nspill = Tan/2 (4.15)

J I 2(n + 1)(cos0)"sin0d0dd
0 0

By evaluating both of the integrals, the final expression for the spillover efficiency is,

n+1

Ngpiny = 1-(cosQ2) (4.16)
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4.3.3 Taper Efficiency

The taper efficiency, is a measure of the uniformity of the amplitude distribution

n taper?
over the aperture of the antenna. As demonstrated in section 4.2, the taper efficiency is

expressed as a ratio of the maximum radiation intensity, U emitted by the antenna

max?

when it is illuminated by the feed, to the maximum possible radiation intensity,

U,

max, uniform> for the same antenna with a uniform aperture distribution.

U

T]taper = U == (417)

max, uniform

2
since U(D, ¢) = ZF—IE(O, (1))|2 , and m, is the intrinsic impedance of free space,
Mo

U 1B ]
T]taper — U max — max |2 (418)

max, uniform l E

max, uniform

The terms E,,,, and £ designate the maximum radiated electric fields of a

max, uniform
hologram illuminated by an ideal feed as defined in equation (4.11), and of the same holo-
gram with uniform aperture distribution, respectively. They can be determined from the

fourier transform of the aperture electric field distributions.
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By expressing the aperture electric fields, £ ap> @4 E ap, uniform> in terms of their ampli-
tudes as,
Eap(G, r) = af(0,r) (4.192)
and,
E ap, uniform = aum’form (4'19b)
Tyaper I €quation (4.18) is reduced to,
2
7o, r)dA’
2
ntaper - 4 '4'0”_2—_‘ (420)
uniform A ap

is evaluated from the condition that the fields E and

The ratio a to a max

uniform

max, uniform T€ determined under the condition of equal power radiated from the aper-

ture, which is given by,

(4.21)

rad ~ P max, uniform

As the power radiated by an aperture is equal to the power flow across the aperture, it is

found that,
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2

A

2 "= —F—5— (4.22)
Quniform J- lf(e: )| d4
Agp
The equation for taper efficiency, (4.17), then becomes,
2
[70,7 cosGdA‘
1 |4
Nyaper = a (4.23)
T Aw (IR ad
Agp

The numerator represents the power as generated by the copolar components of the
antenna, and the denominator represents the total power from both copolar and crosspolar

components. The copolar and crosspolar field components are shown below in Figure 4.4,

Z
Eco, y ECO, y
Ecross, z
Ecross, z
T -‘P ~~~~~~~~~
//’/ E \\\\
//// /"_’P ----- ~ \\\
s Pl T~ N\,
/ P e >~ \
a’ /// \ \\ *
[ Holographic \V
Strips b
2
y

Figure 4.4: Copolar and Crosspolar Electric Field Components of Feed Pattern
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where,

|E |E| cos© (4.24a)

co, y| -

and,

|E |E|sin® (4.24b)

cross, z{ -

For a sectoraly shaped hologram, in Figure 4.5, it can be shown that f{(0, 7) represents the
hologram aperture distribution which is proportional to the field pattern of the feed. The

expression f{0, r) can be written as,

70, 7) = k(cos®)” 2™ (4.25)

where k is the proportionality constant. This constant does not have to be explicitly deter-

mined since it does not contribute to the 1, per calculation. The factor ¢ " is included to

account for the attenuation due to radiation leakage along the hologram.

Substituting equation (4.25) into (4.23), the taper efficiency, can be further reduced.
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2 |’ R 2
I e_a(r_ ")rdr

RO
= (4.26)

3
[ (cos0)"a0 - | PR
-Q R

1
2 2

Q
J‘(Cose)n/2+ ld6
-Q

n taper

o

An integration by parts may be performed to further simplify this equation.

nk :
Ay = | fmfaf.r= Q(R; - R,)?
Q&

ki

Figure 4.5: Sectoral Shaped Holographic Antenna Area

4.3.4 Termination Efficiency

The termination efficiency, n,,,,,, accounts for loss incurred by the power which is not

scattered by the hologram and is remnant at the length of the antenna, as given in section

4.2. Tt is expressed as a ratio of the power radiated by the holographic antenna, P, , to

the power intercepted by the cone containing the hologram, P as shown in

intercepted?

equation (4.27).
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P
= —rad (4.27)

intercepted

T] term

For a sectoral hologram, the determination of equation (4.27) is straight forward. How-
ever, the treatment of a diamond shaped hologram is more cumbersome and is presented

here.

The termination efficiency is calculated in two parts. The diamond shaped antenna is
divided into two sections, as demonstrated in Figure 4.6. The first section is the conical

area between the conducting strips at R, and R;. This conical portion represents the area

which is directly excited by the feed. The power delivered to this section is denoted as

P.

intercepted> A0d the power leaving this region is termed P,,,;. The second portion of the

antenna is defined between the conducting strips at R; and R;. The power into this area is

P

ou1 And the power exiting this division is P,,;,.
An equation is now derived to calculate the ratio of power radiated by the holographic

antenna, P,,;, to the power fed into the conal structure, P;,. This equation is then arranged

to explicitly show the radiated powers in the two aforementioned sections of the antenna.

P, =P (4.28)

rad intercepted Pout2
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Or, it can be written as,

Prad - (Pintercepted_Poutl) + (Poutl _PoutZ) (4'29)

\ ..... e
\,. "" .
\r .........................
\ ..n.h e
\ - - L .'
\ P
\." .....

\
‘ N

}%MﬂTQHJ

Figure 4.6: Holographic Antenna Geometry for Termination Efficiency Calculation
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The two terms on the right side of equation (4.29) represent the power radiated by the two

previously defined sections of the antenna; Pintercepted™ Pourt = Praai and

P,.1—P,u» = P,.4 - Equation (4.29) can be rearranged as,
P P
outl out2
Prad - Pintercepted(1 “p ) +Pout1<1 - p ) - Pradl +Prad2 (4.30)
intercepte outl
which is reduced to,
Prad — (1 Poutl ) + Poutl 1 PoutZ) _ Praa’l + Prad2
Pintercepted Pintercepte Pintercepted outl Pintercepted Pintercepted

(4.31)

The first part of the calculation involves the first portion of the holographic antenna, and

outl

the term is determined. By including ¢ > to account for radiation losses

intercepted

from the structure, it can be shown that,

Q
-20.R, P
Pintercepted - e 27 I(COse)ldcose (4.32)
0
20R 2
Pi=e o J(cos@)"a’cos@ (4.33)
-Q
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which gives,

Poutl —20(R, - R,)
s (4.34)

intercepted

Therefore,

Pradl —20(R; - R,)
= =1 (4.35)

intercepted

For the second portion of the hologram, it is evident that the radiated power is a function
of ». By determining the radiated power over an incremental length, Ar, the total radiated

power can be expressed in integral form as,

R
Le(r) —Za(r—Rl) 2
J’e |f(0)|"d2ar
_Praar _ 20RR)ig, o (4.36)
P, “ |
intercepted J‘V‘(e)l zsinea’e
0

Further detail is provided in Appendix B. Returning to equation (4.31), the termination

efficiency is written as, where the expression f(0) is replaced by equation (4.11), and,
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R,
“1 - cos(0(r))
P,aq ~(l-e )+ e—Za(R,—Ro) R,
Pintercepted (1 —cos(Q)

n+ lle—za(r—Rl)dzar

—2a(R,-R,)

n+1

)

(4.37)

where 6(r) = sin(({; sin(2Q)) - .Q) .

4.4 Generation of Design Curves

The mathematical expressions that have been derived for the various efficiencies, n spill>

Niaper > A0 My, , have been plotted to display their influence on the overall antenna effi-

ciency. This provides a graphical relationship between holographic antenna size, feed pat-
tern, and antenna efficiency, which may be used as a tool during the holographic antenna

design process.

Matlab code was generated in order to plot the mathematical expressions for the efficien-
cies, given various feed patterns, versus the subtended angle of the holographic antenna
[11]. Figure 4.7 displays these efficiencies for a diamond shaped 10 cm by 10 cm holo-

graphic antenna. In all cases, a predetermined holographic antenna rate radiation of

od = 0.01, where d is the element spacing, was used to account for attenuation of the
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wave propagating along the hologram. The varied » values denotes the value used in the

expression for the feed pattern shown in equation (4.11) (Gfe ed(0) = 2(n+ 1)(cos0)").

The spillover efficiency, Figure 4.7 a), is very low when the hologram is narrow and

increases to a value of /00% with a subtended holographic antenna angle of 180° as the
hologram completely intercepts the feed power. This efficiency is dependent on the sub-

tended angle of the hologram and feed pattern, however, is independent of hologram size.

a) Spillover Efficiency
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Figure 4.7: Efficiencies for a 10 cm by 10 cm Diamond Shaped Holographic Antenna
a) Spillover Efficiency b) Taper Efficiency ¢) Termination Efficiency
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b) Taper Efficiency
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Figure 4.7 (continued): Efficiencies for a 10 cm by 10 cm Diamond Shaped Holographic Antenna
a) Spillover Efficiency b) Taper Efficiency c) Termination Efficiency
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The taper efficiency, Figure 4.7 b), approaches 100% when the hologram is very narrow.
This value does not reach /00% as tapering of the amplitude exits along the length of

antenna. Amplitude tapering becomes more significant, diminishing to an efficiency

value of 45%, as the subtended angle of the hologram extends to 180°. This efficiency is

also independent of hologram size.

The termination efficiency, Figure 4.7 c), increases, to a value of 100%, as the subtended
angle of the hologram increases. However, overall, this efficiency is very low, indicating
that there is a significant amount of power remnant at the terminal length of the antenna

which has not been scattered by the conducting strips. This efficiency improves for larger

holograms, as shown in Figure 4.8. Efficiency values at & = 90°, display an increase in
this efficiency from /8.4% to 34%. This in not a significant increase, as this efficiency is

highly dependent on the rate of radiation of the structure. Figure 4.9 displays the termina-

tion efficiency versus rate of radiation, a.d, for a holographic subtended angle of 90°.

This efficiency improves to a value of 60% as the hologram radiates more effectively.

The total efficiency, as a product of the spillover, taper, and termination efficiencies is

shown in Figure 4.10 for both 10 cm by 10 cm and 20 ¢cm by 20 cm holograms. It should

be noted that this efficiency does not include the efficiency of the feed, 1 feed - The total

efficiency increases as the subtended angle of the holographic antenna is extended, reach-

ing a maximum at & = 176° of 49% for the 10 cm by 10 cm case.
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The termination efficiency limits the overall efficiency for both cases to a maximum of
approximately 50% when n = 3. Due to the improvement of this termination efficiency

for larger holographic apertures, the total efficiency improves from 13.3% to 25.3% at

0 = 90°.

4.5 Efficiency Validation

The efficiency formulation was validated by comparing the measured efficiency values
achieved from previous measurements with the efficiency predicted by the formulation.
These measurements include the holographic antenna being fed by an open waveguide
and a printed dipole antenna. The measured efficiencies are calculated from the equation
for gain based on aperture size and is compared with the predicted efficiency which

includes the efficiency of the individual feeds.

4.5.1 Open Waveguide Feed

Initially, K. Levis illuminated the hologram with an open waveguide feed, this pattern was
shown previously in Figure 2.3, with a maximum gain of /6.15 dBi at 30 GHz [6]. The
radiation pattern of the open waveguide is displayed below in Figure 4.10. This pattern
may be approximated by the n = 3 gain curve which is overlaid on the graph. It should be

noted that this radiation pattern is unusually ripply, which is uncharacteristic of the open
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waveguide, indicating a possible problem with the measurement system or interference

from test fixtures.
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Figure 4.11: Radiation Pattern of an Open Waveguide

The total efficiency predicted for an n = 3 feed pattern is 10.8% for a 10 by 10 cm dia-

mond shaped hologram with a 90° subtended angle as demonstrated in Figure 4.12. This

efficiency does not account for the feed efficiency which must be calculated separately

depending of feed selection. This efficiency will account for any losses existing in the

feed device, and its difference from the ideal feed as formulated, which detracts from the

overall efficiency.
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The feed efficiency, 1 e for the open waveguide may be calculated where G

actual

maximum gain of the open waveguide and G,,,; is the ideal feed gain.
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Figure 4.12: Total Efficiency for n = 3 Feed Pattern

n _ ffeed _ Gactual _ 100'7 ~ 0.63
feed Pinput Gideal 100'9

is the

(4.38)

By including this in our overall efficiency calculation, according to equation (4.4), the

total predicted efficiency becomes 6.8%.

-86-



The measured holographic antenna efficiency, is calculated based on aperture size,

nmeas 4

A, and wavelength, A, as shown in the equation for antenna gain, G, in equation (4.39).

G (4.39)

= nmeas 2

Given the measured holographic antenna gain of /6.15 dBi and adding 3 dB to account for

the bidirectional radiation, totals a gain of 79.15 dBi. The measured efficiency resulting

from this gain is 6.5%, given an aperture area of /00 cm?® and a I cm wavelength. This is
slightly less than the predicted value of 6.8%, however, is in good agreement with the for-

mulation.

4.5.2 Printed Dipole Antenna Feed

This hologram was also illuminated by a printed dipole feed with the resulting radiation
pattern shown in Figure 4.13, demonstrating a maximum measured gain of /4 dBi [36].
The radiation pattern of the printed dipole antenna is shown in Figure 4.14, and can be

approximated by the n = 2 curve.

The predicted efficiency for this feed pattern is 9.3% and is included in Figure 4.15. The

feed efficiency for the printed dipole is,

P G 0.5
feed actual 10
Neo, = = = ~ 053 (4.40)
Jeed Pinput Gideal 100'77
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By accounting for this feed efficiency, the overall efficiency becomes 5%.
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Figure 4.15: Total Efficiency for the n = 2 Feed Pattern

The measured efficiency can once again be calculated by the equation for gain based on
aperture size shown in equation (4.39). Given the holographic antenna gain of /4 dBi and
once again adding 3 dBi due to the bidirectional radiation of the antenna, the measured

efficiency is found to be 4%.

The results of the efficiency validation are shown in tabular form in Table 4.1.
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Table 4.1: Efficiency Validation Results

Feed Predicted | Feed Corrected | Measured | Measured | Error
Efficiency | Efficiency | Efficiency | Gain Efficiency

Open 10.8% 63% 6.8% 19.15dBi | 6.5% 0.3%

Waveguide

Printed 9.3% 53% 5% 17 dBi 4% 1%

Dipole

4.6 Conclusion

The efficiency of the holographic antenna has been theoretically determined given varying
feed patterns and holographic antenna size. This efficiency comprises the three main
sources of loss in the structure, they have been defined as the spillover, amplitude taper of
aperture distribution, and termination efficiencies. To formulate the problem, it was pos-
tulated that the holographic antenna occupies a conal structure which facilitates determin-
ing the feed power which is intercepted by the hologram. Expressions were then derived
for each of the efficiencies and plotted to display their dependency on antenna parameters
and influence on overall antenna performance. Finally, the accuracy of the formulation

was validated by good agreement with the measured results.

The graphical depictions of the efficiencies provided insight into the operation of the holo-
graphic antenna. The holographic antenna becomes more efficient as the subtended angle

of the holographic antenna increases, and varies within a few percent given different feed
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patterns. Larger holograms are more efficient due to the improvement of the termination
efficiency. For this case, the overall efficiency of the holographic antenna reached a max-
imum of 50% which is limited by the termination efficiency. This is due to the slow rate
of radiation of the hologram. This formulation may now be employed as a design aid in

future antenna fabrication.
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Chapter 5: Holographic Antenna Feed Design

5.1 Introduction

The linear tapered slot antenna is a viable alternative to existing holographic antenna feed
devices. This antenna has demonstrated variable beamwidths and a bandwidth large
enough to accommodate the narrow bandwidth of the holographic antenna. In addition,
this antenna may be etched onto the same substrate as the holographic antenna providing a

single unit low profile device.

The formulation derived in Chapter 4 to assess the holographic antenna’s efficiency may
be used as a design aid to determine feed requirements and holographic antenna size.
Once the efficiency criteria has been established, the LTSA may be designed to generate

the desired feed pattern.
In this chapter, two prototypes were fabricated using the LTSA as a holographic antenna

feed. The initial design was used to verify the efficiency formulation and finally an LTSA

was designed to improve the performance of the hologram.
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5.2 Holographic Antenna Feed Design

5.2.1 Initial Feed Design

The initial LTSA design was sought to illuminate a /0 by /0 cm holographic antenna with

a 90° subtended angle operating at 30 GHz. A visual estimate was used to determine the
feed requirements for this design. This necessitated a feed which would illuminate the
hologram uniformly with a spherical wave. In addition, a more compact design than the
previously designed LTSAs in Chapter 3 was sought to reduce the surface area of the final
structure, with elongated edges, D, to prevent scattering from these edges from interfering

with the pattern (Figure 3.5).
The design guidelines outlined in Chapter 3 were implemented to construct this LTSA,

and a microstrip line was once again used as the feed method. The LTSA dimensions are

shown in Table 5.1.

Table 5.1: Dimensions of 2y = 13.6° LTSA at 30 GHz

Substrate: Duroid 4003 g, = 3.38 t = 20mils c = 0.001
Aperture Angle: 2,Y — 1360 2W = 0360}7’[ 2D = 14lcm L = 29cm
Microstrip Line: w = 0.124cm A, = 0.6lcm A,/4 = 015cm

m

Slotline: w

0.110cm A, = 0.7cm A/4 = 0.175¢cm
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The simulated E-plane and H-plane near field patterns, using Ansoft HFSS, are shown in

Figure 5.1 a) and b), respectively [32]. The E-Plane demonstrates a 3 dB beamwidth of
135° which will illuminate the hologram uniformly and the H-plane has a narrower half-

power beamwidth of 21°. The spike located at ~35° in the H-plane pattern is due to scat-

tering from the microstrip feedline.

For proper excitation, the phase center of the LTSA was located and placed at the focal
point of the hologram. The phase center of the LTSA was found to be 0./ cm within its
tapered edges. Figure 5.2 displays the phase distribution at the eventual location of the
first conducting strip, / cm from the LTSA’s focal point, which is uniform with respect to

the phase center. This indicates the successful launching of a spherical wave.

The measured holographic antenna results are included in Figure 5.4. The return loss, Fig-

ure 5.4 a), indicates a good match from 30 GHz to 31.6 GHz. The H - plane pattern dem-

onstrates the hologram radiating as desired, with beam peaks at —85.5° and 81°. The
gain reached a maximum of /3.63 dBi at a frequency of 31.7 GHz, which varied by / dBi

from 30 to 32 GHz.
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This LTSA was then etched onto the same substrate as the holographic antenna.  An

image of this final structure is shown in Figure 5.3.

To calculate the feed efficiency, the LTSA was tested individually and the far field mea-
surements are included in Figure 5.5. This feed pattern can be approximated by the n =
1.5 curve shown overlaid on the graph. This pattern exhibits pronounced rippling which

may be attributed to an inaccurate measurement system.
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This information can be used to determine the feed efficiency and finally the predicted

efficiency of the design, where G, ,; is the gain of the LTSA and G,,,,, is the gain of

the ideal feed with the n = /.5 curve.

Figure 5.3: Photograph of the Holographic Antenna with an LTSA Feed

-97-



a) Return Loss

-5 T L I A e e e —T T T
=
2
%
(=]
|
=
L]
=
3
~
29.5 30 30.5 31 31.5 32
Frequency (GHz)
b) Radiation Pattern: H - Plane, Copolarization
20 A [N R B B B
[ / (-85.5.13.63) | ; : ]
I . 5 i (81, 11:5) ; |
! - : ; T |
10 . S s N e ) e G
g 0 1N y
<) ; i : i
= : ‘ ! _
5 E
© ! ¢ : i
/2 I || Al | S | i | E | | A -
S20 [T """"""""" """"""""" """""""" ]
L Measured Results ]
30 i 1 | 1 | 1 | | | 1 1 | | 1 | 1 1 1 | 1 | | |
-120 -80 -40 0 40 80 120

Azimuth Angle (degrees)

Figure 5.4: Measured Holographic Antenna Results with a 2y = 13.6° LTSA Feed
a) Return Loss b) Far Field Radiation Pattern: H - Plane, Copolarization

98-



E - Plane, Copolarization

10.....!..,\>yyll.!..i..!.|[|x|,.<.
: (0,7.0)43\: ‘: (0, 3.75)

L1

........
.

L]

0 r ]
H g : : : \Z
5 BN el V1 | — i Subtended Angle of Hologram [} Myl o ]
—~ | !
o ]
A ; : x t S ]
2 L s s e IEVRORCRNO. | EURR—. \E-Yo ) .
10 : : ' : A
£ gi o ; ; !
= : ' ' .
&

-15 - ““"';'." é “' """"""""" "’J" ‘;“""‘-‘_ """""

-20 Measured Results: E - Copol 777§ 7
.: : e Measured Results: H - Copol ]

25 e b s n=15 .
_30 1: 1 I'Il 1 1 1 | 1 1 1 1 1 i 1 1 1 1 1 i 1 1 1 1 1 i 1 1 ] 1 1 i 1 1 1 :I 1 i
-90 -60 -30 0 30 60 90

Azimuth Angle (degrees)

Figure 5.5: Radiation Pattern of 2y = 13.6° LTSA with n = 1.5 Feed Pattern

n _ Pfeed _ Gactual _ 10
feed Pinput Gideal 10

= 043 (5.1)

The 3.25 dBi difference between the actual and ideal gain may be due to microstrip line
and slotline losses as discussed in Chapter 3, and the pattern difference outside the main
lobe. Based on previous measurements, the losses in the slotline were calculated to be

0.59 dB and 2.15 dB of losses in the microstrip feed line for a total of 2.74 dB.
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The predicted efficiency for the n = 1.5 curve is shown in Figure 5.6, with a value of 8%

for a 10 by 10 em holographic antenna with a 90° subtended angle. The corrected value,

including the feed efficiency of 43%, is 3.4%.
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Figure 5.6: Total Efficiency for n = I Feed Pattern

The measured holographic antenna gain of /3.63 dBi can be used to calculate the mea-
sured efficiency value of this structure, adding 3 dBi, once again, to account for the bidi-
rectional radiation of the antenna, for a total gain of /6.63 dBi. Using the equation for

gain based on aperture size, shown in equation (4.39), and given an aperture area of

100¢m” and a wavelength of 0.95c¢m , the efficiency of this antenna was calculated to be
3.3%. This value is slightly less than the predicted value of 3.4%. These results are tabu-

lated in Table 5.3.
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The immediate improvement of the gain of the holographic antenna was observed by add-
ing copper strips to confine the field launched from the LTSA to the hologram. These
strips were triangular in shape and filled in the area between the LTSA and the two lower
edges of the hologram. This far field radiation pattern is included in Figure 5.7. This suc-
cessfully increased the gain of the antenna to /4.54 dBi at a frequency of 31.5 GHz by

reducing spillover losses, resulting in an increased efficiency from 3.3% to 4%.
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Figure 5.7: Radiation Pattern of Holographic Antenna with Copper Strips Reducing Spillover Loss

5.2.2 High Efficiency Feed Design
The second LTSA was designed to improve the efficiency of the holographic antenna

according to the formulation established in Chapter 4. By extending the subtended angle

of the hologram to 120° and generating an n = 5 feed pattern, a potential holographic
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antenna efficiency of /5.3% is endeavored based on the efficiency curve shown in Figure

5.8, for a 10 by 10 cm holographic antenna
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Figure 5.8: Total Efficiency for n = 5 Gain Curve

An LTSA with a subtended angle of 2y = 16° generated the n = 5 feed pattern. The final
dimensions are included in Table 5.2. The normalized far field pattern is shown in Figure
5.9 a) comprising the n = 5 curve. The phase distribution measured at /0 cm from the

focal point of the LTSA is shown in Figure 5.9 b) denoting spherical wave generation with

an acceptable 35° phase taper over the subtended angle of the hologram.
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Table 5.2: Dimensions of 2y = 16° LTSA at 30 GHz

Substrate: Duroid 4003 g, = 3.38 t = 20mils o = 0.001
Aperture Angle: 2y = 16° 2W = 0.86cm | 2D = 8cm L =29cm
Microstrip Line: w = 0.124cm A, = 0.61cm A,/4 = 0.15cm
Slotline: w = 0.110cm A, = 0.7cm A/4 = 0.175cm

This LTSA was etched onto the same substrate as the hologram by positioning the focal

point of the LTSA at the apex of the hologram. Return loss measurements, Figure 5.10 a),

indicate successful matching of the structure from 29.5 GHz to 32 GHz. The far field

measurements, Figure 5.10 b), demonstrate an achieved maximum gain of /2.1/7 dBi at

31.8 GHz, remaining within 2 dBi from 30 to 32 GHz. This is much lower than anticipated

and an investigation was performed into the source of this loss.

The LTSA was then measured separately from the hologram. The far field measurements

are included in Figure 5.11, and indicate that the LTSA is generating far less gain in com-

parison with the n = 5 feed pattern. Again, pattern rippling is significant indicating a

potentially imprecise measurement setup which may also account for the low gain mea-

sured.
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This measurement evidences a very low feed efficiency which accounts for the fallen
holographic antenna gain. This feed efficiency, equation (5.2), of /3% reduces the poten-

tial achievable efficiency of this design to 2%.

0.2
_ Pf€€(l = Gactual 10
Need — p B A

= 0.13 (5.2)
input Gideal 10
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Figure 5.11: Radiation Pattern of 2y = 16° LTSA with n = 5 Feed Pattern
The measured efficiency, based on a gain of /5./7 dBi, including 3 dBi for the bidirec-

tional radiation is 2.4%. This is slightly better than the predicted efficiency value of 2%,

and is summarized in Table 5.3. Figure 5.11 clearly indicates that significant loss occurs
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in this LTSA. This is confirmed from the observation of the LTSA patterns which show

significant crosspolarization and back lobe levels.

A comparison is included between the simulated gain of this LTSA and the observed gain
of this same structure. A discrepancy of 8 dBi is apparent between the two traces in Figure
5.12. It is not evident whether the source of this error lies with the software or the mea-
surement setup, therefrom, an investigation will have to be performed into the nature of

the loss.
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Figure 5.12: Simulated and Measured Gain of a 2y = 16° LTSA

Far field measurements were taken of this LTSA with elongated taper edges, L, achieved

by applying copper tape (Figure 3.5). This generated higher gain, as shown in Figure 5.13,
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suggesting that future LTSA designs with extended tapering could provide improved gain

to illuminate the holographic antenna thus improving the efficiency of the entire structure.
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Figure 5.13: Measurements of an LTSA with and without Taper Extensions

An additional measurement was taken to ascertain the consistency of the LTSA radiation
pattern along the holographic structure. To do so, far field measurements were taken of
the LTSA with a substrate extension similar in shape to the hologram, however, devoid of
the conducting strips. This normalized measurement is included in Figure 5.14 in compar-
ison with the LTSA without the substrate extension. As demonstrated, the pattern does

not change, save slight rippling, in the presence of the extended substrate.
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Figure 5.14: Measurements of the LTSA with and without Substrate Extensions

Table 5.3: Efficiency Results of Holograms with an LTSA Feed

Feed Predicted Feed Corrected Measured | Measured Error
Efficiency | Efficiency | Efficiency Gain Efficiency

LTSA 8% 43% 3.4% 16.63 dBi | 3.3% 0.1%
2y = 13.6°
n=15
LTSA 15.3% 13% 2% 15.17 dBi | 2.4% 0.4%
2y = 16°

=5
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5.4 Conclusion

The linear tapered slotline antenna has been implemented as a holographic antenna feed.
Initial measurements confirm that the LTSA properly illuminates the hologram with a

spherical wave while providing sufficient bandwidth.

The controllable beamwidths available with the LTSA allow the designer to generate var-

1ed feed patterns which will influence the efficiency of the hologram.

The efficiency formulation, derived in Chapter 4, was validated by the initial design and
used as a guideline in the hopes of generating a more efficient holographic antenna.
Although the design met the predicted efficiency value, it was hindered by the very low
gain of the LTSA which significantly degraded the efficiency of the structure to 2%. The
gain of the LTSA can be improved by lengthening the tapered edges of the antenna thus

functioning as a more efficient feed for the hologram.
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Chapter 6: Conclusion

6.1 Conclusions

The holographic antenna has been validated as a high gain antenna in the Ka - band fre-
quency range which may potentially replace existing technologies such as parabolic, lens,
and phased array antennas where a low profile antenna is desired. However, current feed
devices for this antenna, including open waveguides and horns, detract from the planar
nature of the hologram and require manual alignment with the antenna which may intro-
duce loss into the system given the strict accuracy requirements needed at high frequen-
cies. In addition, given the early stages of research in this field, very little analysis has
addressed the efficiency of this structure. This work has introduced the linear tapered slot-
line antenna as a potential holographic antenna feed and also discussed the efficiency of
this structure to determine its dependency on feed illumination patterns and holographic

antenna shape and size.

The single layer holographic antenna consisting of concentric conducting rings was used
as the basis for this thesis. The efficiency formulation, and feed recommendations may

also be applied to other holographic antennas such as the volume type hologram and
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dipole hologram.

The linear tapered slotline antenna is a printed traveling wave antenna with a large band-
width and controllable beamwidths. These features make it attractive as a holographic
antenna feed as it will complement the planar nature of the primary structure while gener-
ating any desired illumination pattern. Two LTSA prototypes were constructed using the
same substrate as the hologram. Although this substrate was outside of the recommended
range, yielding high sidelobes and pattern rippling, the varying beamwidths and gain dis-

played the LTSA’s potential as a holographic antenna feed.

The holographic antenna efficiency was addressed by postulating that the hologram occu-
pies a conic section. By doing so, an intercepting area was provided for which to calculate
the power delivered and later rescattered by the hologram. The three main efficiencies
were defined as spillover, taper, and termination efficiencies. These account for losses
incurred when feed power is radiated outside of the intercepting holographic area, ampli-
tude tapering across the aperture of the hologram, and power that is residual at the length
of the antenna, respectively. Equations were derived to represent each of these efficien-
cies, dependent on feed pattern, and holographic antenna shape and size. Graphical depic-
tions of these efficiencies were then generated to view the impact of the varied parameters
on overall antenna efficiency. The total efficiency is most dependent on the shape of the
hologram and improves greatly as the holographic antenna subtended angle is increased.

Variations in the illuminating patterns alters the total efficiency within a few percent.
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The predicted efficiency values were then confirmed by comparing them with measured
efficiency values. Both the open waveguide and printed dipole antenna feeds measured

efficiency values complied with the predicted results.

An initial design using a linear tapered slotline antenna as an illuminating device also val-
idated the efficiency formulation when measured results were compared with those pre-
dicted. Following this, the formulation was used as a design guideline to improve the
efficiency of the overall structure. An LTSA was designed to generate the required feed
pattern and the subtended angle of the hologram was widened to achieve this improved
efficiency. The final results indicate a very low efficiency which was incurred by a very
lossy LTSA. This resulted in a very poor feed efficiency which degraded the overall

value, thus not attaining the more efficient holographic antenna as desired.

6.2 Future Work

Since the hologram is still in the early stages on development, more research needs to be

done. However, in the immediate future, the following studies should be performed.
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The linear tapered slotline antenna is a viable alternative to holographic antenna feeds,
although thev gain of this antenna must be high enough to efficiently illuminate the holo-
gram. As the substrate used was outside of the recommended range for the LTSA, per-
haps the hologram could be designed on a substrate which would accommodate the
LTSA’s requirements. Another option would be machining holes in the substrate underly-
ing the LTSA to effectively reduce the permittivity, enabling the effective thickness of this

antenna to lie within the established guidelines.

As the overall efficiency was limited by the termination efficiency, due to the slow radia-
tion of the structure, an investigation should be performed into controlling the scattering
characteristics of the hologram which would significantly improve the efficiency by
reducing residual power at the length of the antenna and thus reducing sidelobe levels.
This may be accomplished by varying the widths of the conducting strips or using an alter-
nate substrate. For given hologram dimensions, the optimum rate of radiation can be

established to generate the maximum achievable gain.

At present, a hologram is simply a set of conducting strips representing a discretization of
the sinusoidal term in the interference pattern. Alternative hologram realization should be
examined including different type of groove profiles on a substrate. The approach may
offer a better controlled rate of radiation and polarization than the one based on concentric
conducting strips. Ultimately, a more complete hologram representation should be

explored for better operational efficiency.
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In addition, other hologram modifications could be examined including generating a cir-
cularly polarized hologram from a single linearly polarized feed. This may be accom-
plished by proper alignment of the dipoles in the dipole type holographic antenna. Other
potential holograms worthy of consideration include holograms with multi-beam capabili-

ties or holograms which generate an off broadside beam.
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Appendix A: Alternative Form of Reciprocity Theorem

Let E° ; A" and Eb ;Tib be two sets of source free Maxwell’s equations with time depen-

dency e , hence,

VXE® = —jouH" (A1)
VxB" = _jouE” (A.2)
VxE = —jopd’ (A.3)
U = —jmpEb* (A.4)

The asterix, *, represents the complex conjugate. From (A.1) to (A.4), performing the

following operations gives,

B s = jjoud” . B (A5)
B VB = SjosE - BV (A.6)
B vxE® = —jmufla* B (A7)
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B vxB" = SjosE B (A.8)

Equations (A.5) and (A.8) become, after applying the vector identity,

V- E B = jop@ - BY +jos(E* - B (A.9)

Performing a similar operation to equation (A.7) and (A.6),

V- E <Y = —jop@™ B +jos(E™ - B (A.10)

By summing equations (A.9) and (A.10),

VE < B+ B x B = —2jopRe(@* - B) + 2j0sRe(E* - BTT) (A1)

Where Re( ) designates the real part of a complex value.

It is clear that the right hand side of equation (A.11) is always imaginary, consequently,

Re[V- (B x B +E xB)] = 0 (A.12)

or, in the integral form as shown in equation (A.13),

-117-



Recj.(l_i'axﬁb*JrbeHa*)-fzds =0 (A.13)
S

Equation (A.13) can be regarded as an alternative form of the reciprocity theorem. It
shows another relation between two sets of fields, a and b, which is a variation of the

Lorentz reciprocity theorem [34].
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Appendix B: Termination Efficiency Details

T

Figure B.1: Holographic Antenna Conducting Strips

For a full arc, where € represents the subtended angle, the power radiated, P’, ,, , is pro-

portional to the incident power, where K|, is the proportionality constant,
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21

Proar = K, [ 1A, 0)|%sin0d0dd (B.1)
00

Similarly, the power radiated from a portion of the arc, subtended by 6, P”,_,,, is propor-

tional to the incident power,

210
P ot = K, [ |8, 0)I” sin0d0do (B2)
090
The ratio of these two powers is,
210
[ irce, 0)|sin0d0do
PII ;
,radZ _ 00 (B3)
P rad2 2nQ 2
j j1f(¢, 0)|"sin0dodo
00
or,
270
[ firce, 0)|sin0d0dd
P"radZ - P,rad2 2?1:8 (B4)
[ [ire, 0)|*sin@d0do
00
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The power radiated from one of the full arcs can alternatively be expressed as the differ-

ence in power levels before and after encountering the strip, Ar, as shown in equation

(B.5).

! —_
PradZ - Pr—Pr+Ar

The power radiated from each strip, 1, 2, . . . n, can be written,

Pr+Ar
PradZ1 = Prl(l __P——)

Pr+2Ar

P rad2, PrZ(1 - _—P_;_>
r

' Pr+nAr

P rad2, = Prn(1 P )

where P, is the incident power at rn = r+ (n— 1)Ar,

2n Q2
e—2a(r +(n—1)Ar)

P, = [ [Irco, 0)I* sin6d0dp

00

Substituting this into equation (B.8) gives,
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2nQ

oy [ [, 0)|sin0d8dd (B.10)
00

' . =20(r+(n—-1)Ar)
Pl pan = € (1

Substituting equation (B.10) into equation (B.4), P”,_, can be written as,

210
—2arn( —20LAr

- ) [ firco, 0)|*sin6d0d¢ (B.11)

00

"
P rad2n —

The total radiation, P, ,,, is found from the sum of the radiation from the individual

strips,
rad2 - Z P”radZn (B.12)
n=1
N ) 270(r + Ar)
” —ery —20Ar 2 .
Poir = D Plrggrn =€ (1-€ " )U j (9, 8)|"sinbdbds...
n=1 0 0
2n0(r + 2Ar) 270(r + NAr)
b | f (9, ©))*sin@d0dp + ... + ¢ 24N [ ] I, 9)|2sin9d6d¢)

0 0

(B.13)

For a fixed spacing (R; —R,) in the limit as Ar -0, N— o and the summation

becomes an integration,
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R 270(r)

P, =20 0 [ [ e ™ 1re, 0)sinododpar (B.14)

RO 0
2rQd )
[ [, 0)]"sin0d0dd

This equation is now multiplied by 2‘;3 , therefore,
[ [If(9, 0)I*sin0dddf
00
R 2m0(r)

- (171 ¢ *CTR144, 0) sin0d0dodr
Y1
P, =2ae R [ [7o, 0)I*sin6apdpR o0

00 [ [ire, 0)|*sin0d0dd
00

(B.15)

~2aR 27
Knowing that P, , = e : j ﬂf((b, G)IZSinOdeq), equation (B.15) is divided by
00

~2a(R; - R)

24l may be replaced by e . For a circular symmetric

P and

intercepted>
intercepted

Pradz

case, the ratio can be reduced to equation (B.16).

intercepted
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R 0(r)
~2o(r—
[ [ ™o’ aor
Prad2 — e—2a(R1~—Ro)1& 0

(B.16)

intercepted

Q
| [f(0))sin6do
0
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