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Abstract

One.of the simplest and probably the most widely used microwave antennas is the
Horn Antenna. The function of Horn is to produce a uniform phase front with a large
aperture than that of the waveguide and hence resulting in greater directivity. The horn is
widely used as a feed element for large radio astronomy and communication dishes.

Corrugated horns are normally used in the above applications because of their
properties of reduced edge diffractions and improved pattern symmetry. Their problem
arises when high operating frequency is used (i.e.) the corrugations become too small that
complicates building these types of structures. The septum horn investigated in this thesis
has similar properties but has simpler geometry and advantages like low cost and high
operating frequency.

The E-plane pattern of a conventional Rectangular horn has high sidelobes as a
result of uniform amplitude distribution in the aperture. In septum horns, conducting
plates are placed perpendicular to the E-plane of the horn aperture to alter the uniform
distribution. This results in low sidelobes at the E-plane pattern. A Two-step Staircase
distribution is introduced from the altered distribution. A synthesizing technique is
developed using this distribution. This technique synthesizes complex distributions and
provides optimum parameters to achieve desired sidelobes in the radiation pattern.

Based on this principle, a parametric study about the effect of the plates on the
radiation pattern of pyramidal hom is investigated. The parameters of the Two-step
Staircase distributions are correlated to the near field pattern of the septum pyramidal
horn. An E-plane horn with movable conducting plates is fabricated and tested in the

Antenna Laboratory at the University of Manitoba and its results are verified.
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Chapter 1

Introduction

1.1 Preface

The existence of the Horn antenna dates back to late 1800 but its revival began
in the late 1930’s during the period of World War 2. The horn is widely used as a feed
element for large radio astronomy, satellite tracking and communication dishes. The horn
has of course much greater utility than merely that of the feed for reflectors and lenses. It
is a common element in phased array antennas, it is a reliable and accurate gain standard
and, finally, it is a useful radiator in its own right. Its simplicity in construction and ease

of excitation make the horn invaluable to engineers and scientists in a number of fields.

1.2 Objective of the Thesis:

This thesis deals with the study of a unique type of horn antenna. The need for
this type of antenna has arised due to the increase in frequency of operations in
communication systems. It is well known that the horn is used as the primary feed for a
reflector antenna and therefore most commonly used in satellite communications. The
operational frequency (>10 GHz) of this type of communication system has increased due
to bandwidth requirements.

The corrugated homns are the most efficient horn feed used for these purposes. It
has excellent radiation characteristics as Low Cross polarization and Low sidelobes. The
only disadvantage for this type of antenna is, as the frequency of operation increases, the

size of the horn reduces and respectively the size of the corrugations decreases. So, it




becomes very expensive to manufacture such antennas with minor corrugations. In many
current practical applications, the frequency of operation has increased to X-Band or Ku-
Band. Therefore, to design corrugated horns for such frequency of operation becomes a
very costly affair.

Therefore, it is essential for us to consider a practical alternative and the design
studied in this thesis is a proposed alternative.

The design of this type of horn was first proposed by G.M. Peace and E.E.Swartz
in 1964 and they termed it as “Amplitude Compensated Horn Antenna” [1]. The term
amplitude compensated was given to this horn because they were trying to alter the
uniform amplitude distribution of the horn to a tapered function. They used conductive
plate’s perpendicular across to the E-field inside a horn antenna. These plates distribute
the electromagnetic field over the horn aperture to achieve desired tapered amplitude.
Later, these types of horns were also termed as Septum horns, because the plates divide
the horn aperture into many septums. With a 2-septum horn Peace and Swartz were able
to achieve a side lobe level more than 30dB down. The study done by Peace and Swartz
in their paper was on an E-plane sectoral horn. Further practical applications of this type
of antenna were carried out by R.T.Nash [2] around the same time.

In this thesis, a detailed parametric study about the effect of the plates on the
radiation pattern of a rectangular pyramidal horn is conducted. A synthesizing technique
is developed to enable this parametric study. This technique helps us understand the
significant parameters of the conductive plates, which alter the uniform distribution of the
horn and provides its advantages. It also determines the optimum parametric values for

achieving improved radiation characteristics.




Using the rectangular aperture theory [3-4], it is possible to simplify the
amplit}lde distribution at the aperture of the horn and to compute its respective secondary
patterns. By writing a program in MATLAB with the simplified secondary patterns a
study is carried out to improve the Far-field radiation patterns of the homn. A Two-step
Staircase distribution is introduced using the aperture theory and its effect on the
secondary patterns is studied in detail. This in turn helped us in deducing the respective
pa{rametric values. The parameters which have the most significant effects on the field
pattern are characterized. This study influenced the initial assumptions for the parametric
simulation study of the pyramidal homn antenna with conductive plates.

A simple synthetic technique using the Staircase distribution is introduced to
synthesize distributions like Cosine and Taylor. Secondary patterns are generated using
the synthesized parameters. Also, the synthesized parameters are used in the designed
horn to achieve the desirable field patterns.

The designed horns with plates are modeled and simulated using EM software
Ansoft’s HFSS. Using the simulations in HFSS it is possible to determine the Far-field
and Near-field patterns of the design. The synthesis of amplitude distribution and the
computed parametric simulation results will provide a deeper insight into the working

principle for this type of antenna.

1.3 Organization of the Thesis:

The thesis is divided into four basic chapters. Chapter 1 gives a background

literature of the horn antenna. The far-field radiation characteristics are derived for a




pyramidal horn antenna. Also, in this chapter, different types of horn antennas and their
-. important radiation parameters are discussed.

Chapter 2 presents the introduction of the new type of Staircase distribution. The
background theory of the amplitude on the rectangular aperture is provided and simple
equations are derived from them for the deduction of the secondary patterns. Using the
software program written in MATLAB a detailed study about the effects of the parameter
on the field pattern is carried out. Chapter 3 presents the synthesis of amplitude
distribution using the Staircase distributions. Different amplitude distributions are
synthesized using a synthesis technique.

Chapter 4 covers the simulation study of the pyramidal septum horn. The antenna
performance is studied by the effects of the plate parameters and characterized. These
field patterns are compared with the synthesized results from Chapter 3. An E-plane horn
with plates is fabricated and measured in the anechoic chamber of the antenna laboratory
at the University of Manitoba. The measured results are compared to the simulated ones.

Finally, a conclusion of the thesis is given in Chapter 5.

1.4 Radiation characteristics:

Before we go on to derive the radiation fields for the horn antenna, let us first
formulate the necessary components of a rectangular aperture as shown in Figure 1.1.
This rectangular aperture is similar to the homn aperture at the radiating front. The

aperture is assumed to lie on the x"-y" plane.




Figure 1.1: Rectangular aperture for antenna system analysis

The components of the equivalent electric and magnetic current densities for this
aperture (x'-y" plane) are Jx,,Jy.,Mx,,My, [17].

To derive the fields radiated by this antenna, the tangential components of the E
or H fields over the aperture must be known, which provides the equivalent current Js and
M; over the aperture. Using these Electric (Js) and the Magnetic field (M) currents across

the aperture, the E and H fields can be calculated from [4].

U e JR £ g /R
A= ”Js dS' F=— IIMS dS' 11
4 5 R 4 < (.1
Where
Js=nxH Ms=nxE

and 71 is the outward normal to the aperture. For far-field observations, R can be

approximated as




R=~r—r'cos /4 For phase variations

R=r For amplitude variations

Where 7'cosy = x'sin¢ cos¢ + y'sin&sin @ . This approximation is applicable
to the phase variations in the field patterns of the antenna. The differential area
isds'=dx'dy'.

This gives equation (1.1) at far field as

- jkr — jkr
A;ﬂe N F;ge

4 A7y

L

In the far-field only the 8 and ® components of the E and H-fields are dominant

and are given in equation 1.2.
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Where ¥g.N ¢’L9a”dL¢ according to the X’y’ planes are
N = f J‘ [J »c0sfcosg +J cosfsin ¢]e+f’” OV dx' dy'
S
N¢: _”.[—']x'Sin¢ +Jy,COS ¢]€+jkr'cost//dxv dy'

S

L,= j [M c0sfcosg +M cos@sin ¢1e+ﬂ‘r oV dx' dy' (13)

n

L,= f [—M Sing +M cos ¢]e+jkr'°°s‘”a’x' dy'

[

Equation 1.2 gives the general radiation equations for a rectangular aperture as
shown in figure 1.1.

The radiation characteristics of the widely used pyramidal horn are derived from
the above equations. This horn is flared up in both directions (E and H) and is a
combination of E and H-plane sectoral horns. Figure 1.2 shows a pyramidal horn [4] with

flared out rectangular aperture lengths a; and b;.

=

Figure 1.2: Geometry of pyramidal horn antenna




The tangential components of the E and H-fields over the aperture of the

pyramidal horn are approximated by [4].

E'(x',y") = +E cos fl—x' g tony i) s

H' (x',y")=~ 1;57 co8 aLix' et (L5)
and their respective equivalent current densities are

J ()9 = - E, cos fl_x. ol oy 12 o

M (x,y") = +E cos = x' o020
P o
a
1

(1.7)
The above expressions contains quadratic phase variations in both the x* and y

directions derived from [13]. The N, Ny, Lg and L, from equation 1.3 are formulated

after substituting equations 1.6 and 1.7 and J,=0, M y=0 into them. Equation 1.8 results

after the substitutions [4].
N ———ﬂ’-cosﬂsinqﬁl I
6~ n I'2

E
N¢= “—UO—COS¢]1[2
Leoncosé’cosgﬁ]l[z —




Where,

+a,/2
[1__: COS(Z‘[— xv)e—jk[x'z/@pl)—x‘sin9cos¢]dx,
-a,/2 a

+by/2
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_ ) ej(ﬂ/a,)x'_,_g—j(n/a,)x‘
By rewriting cos(—-x'j exponentially as €08 Zx - 5

a,

A part of equation 1.9 can be expressed as
. '
I =1+ (1.10)
Where,

1;=—é—,/1’;ief"‘*'2”2”“ {lce,y-cenl-lse,)-se)H)

t)'= ! - kay —kx'pzj
7kp, 2
t,'= 1 - ka, ——kx'pzj
kP, 2 (1.11)

k/'= ksin@cos¢+£
a

and




1= —;— V El_?z—ej(kxnzpﬂk) {[C(r2”) - C(tln)]_ j[S(tzn) - S(tl")]}

t''= 7277{1 (“ kal —kx”pzj
) 2

" 1 ( kal " )
I, = + ~k."p,
7kp, 2

(1.12)

: 3
"__
k"= ksm@cos¢5—a—
1

Using equations1.10, 1.11 and 1.12, 1} can be expressed as

]_1 70, ej(kx'2p2/2k){[c(l‘2')—C(l‘i')]—j[S(tz')—S(rl')]}
=— f___
k

2 , Jx%0,/2k) {ew, - ci,m)- s, - s

Using a similar process /5 can be expressed as

A (SO B A REI(S)

Where,
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ky:ksinésinqﬁ

1 kb1 .
ty= |[——| ——~k,p
1 ”kpl 2 Y1

1 /’cb1 .
th= |——| —=—k,p
2 ”kpl 5 yE1

After substituting I; and I, in equation 1.8 and Combining equation 1.8 into

equation 1.2, the far-zone E and H-field components are given as.

E=0
ke’ KE e ¢
E,= —]-——[L¢+77N9]=]——9——[51n¢(1+c056’)1112]
A7y d7r
ke " KE e
E=+] - [L¢—77N9]=J—Zy—zr———[cosgé(cosHJr,l)]lIz]

From the above equations we can refer that the principal E-plane pattern would be
at ¢=n/2 and the H-plane pattern would be at ¢=0. Figure 1.3 gives the three dimensional

field pattern of the pyramidal horn. The pattern of the pyramidal horn is very narrow in

both principal E and H planes [4].
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Figure 1.3: Three-dimensional Pattern of a Pyramidal Horn

1.5 Essential Horn Parameters:

a) Gain:

Horn is one of the most widely researched and analyzed microwave antennas.
Many analysis and corrections to measure the accurate gain of the horn antenna has
been devised [5-8]. It is the most significant parameter of the horn when it is used as a
gain standard for other antennas. The gain of the antenna is mostly represented in dB.
The typical gain for a horn ranges from 15 to 20 dB.

The paper by Braun [7] gives us an accurate gain for the horn antenna

according to its H and E-plane aperture dimensions a, b and slant heights Iy and lg( A).
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The value for Gg and Gy is found from a look up table in the paper and is formulated

with respect to the values for A and B.

A=a 29 B=pb 2(—)
ZH ZE

GGy
g:
10.1859 5y \/50
oY

Also, the general formula for measuring Gain for a standard horn can be
determined by using the transmission loss versus separation between two identical
standard horns. But this formula may introduce considerable error when the far-zone
gain of pyramidal horn is measured at relatively short distances. Therefore to find the
accurate gain, corrections are needed. Chu and Semplak [6] using the near field
power transmission formula proposed one such correction from the ratio between
the Fraunhofer and Fresnel gains. This correction with the power transmission

formula predicts the gain accurately. The general gain formula is given by

Where,
A = Area of the aperture

n= Efficiency.
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b) Directivity:

The directivity. of a horn antenna can be expressed in terms of its effective
aperture area. For a rectangular horn A,= agay and for a conical horn A= nir®, where r
is the aperture radius.

_ 47[Ae — 472'8“PAP

P A’ A2

Where, A, = effective aperture
A, = physical aperture
€ap = aperture efficiency = A/A,

A = Wavelength.

¢) Side lobes:

Another important parameter of the horn radiator needed in most of its
applications, is the sidelobe level. It is an important criterion in antenna range;
anechoic chamber and standard gain applications because of its multipath
considerations. In reflector illumination, it is an important factor that determines the
main-beam efficiency and spurious wide-angle radiation effects.

The side lobes of a typical rectangular horn antenna are very high and are
about —13 dB below the main lobe in the E-plane. This is mainly caused due to the
wave diffractions at the edges of the horn. The need for low sidelobe level is very

essential for many applications and in particular in its use as a feed for satellites and
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reflectors. Modifying the structure of the horn antennas at their edges can reduce
these diffractions and result in a much better sidelobe level.

The corrugated horn, aperture-matched horn, septum horns and dielectric-
loaded horns are widely used as feed horns because of their low level side lobes. This

will be the most prominent parameter discussed in this thesis.

d) Effect of Flare angle and horn length on Field patterns :

The field patterns of the E and H-plane of a typical rectangular horn
antenna as a function of flare angle and horn length is given in figure 1.4. In part (a)
of figurel.4 the patterns in the E and H plane are compared as a function of the radial
length of the horn R. Both E and H plane are set for a flare angle of 20°. The E-plane
patterns have minor lobes and narrow beams between 4 and 8\ The H-plane patterns
have practically no side lobes.

In part (b) of figure 1.4, measured patterns for horns with R=8\ are
compared as a function of flare angle. 0z gives the E-plane flare angles in the upper
row and Oy gives the H-plane fare angles in the lower row respectively. Consider the
case of By and O = 50°, the E-plane pattern is split because of the phase shift at the
aperture in the E-plane, whereas the H-plane pattern is not because the field goes to
zero at the edges of the aperture in the H-plane, therefore the phase near the edges are
relatively less important. When Oy and O is from 10 to 20°, the E-field patterns have
narrow beams. In the particular case of 8y and 05 = 20°, the E-field pattern is very
similar to the H-field pattern. In such cases, the antenna will have low cross-

polarization properties.
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Figure 1.4: Measured E and H-plane patterns of rectangular horns as a Junction of horn

Slare angle and horn length [9]

e) Spill-over efficiency:

This is an important parameter to be considered when the horn is used as a
feed to the Reflector antenna. Spillover energy can be defined as the energy, which is
radiated from the feed but does not reach the reflector surface. Therefore, to achieve
an efficient reflector antenna illumination, the spillover loss must be minimized.

They can be minimized using dielectric loaded horn antennas. The

dielectric cone antennas are designed in such a way that they do not allow the energy
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to flow outside the reflector surface and therefore minimize the spillover loss. Other
factors like using lenses and dielectric structures before the horn can also minimize

the spillover loss.

f) Cross-polarization:

Polarization is the direction of the electric field transmitted by the antenna.
Polarization of an antenna in a given direction is defined [4] as “the polarization of
the wave transmitted (radiated) by the antenna. Note: When the direction is not stated,
the polarization is taken to be the polarization in the direction of maximum gain.”
The cross-polarization factor is considered during the practical usage of antennas as a
radiating and receiving element.

Cross-polarization is the state orthogonal to the reference co-polarization. If
the signal is transmitted in the x-direction than the cross-polarization signal is in the
y-direction. They can also be defined as two antennas in a transmit-receive
configuration that are so polarized that no signal is received are said to be cross
polarized. This occurs when both their polarization do not match at all. For a good
design, the cross-polarization should be zero practically but it is not possible
especially if you have circularly polarized radiation. Anything below —20 dB in cross-
pol pattern compared to the co-pol pattern is considered to be an excellent feed
antenna for the reflectors.

Corrugated horns, integrated horns, and septum horns have good low

cross-polarizations properties.
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1.6 Different types of horns:

a) Ridge horn:

Hom antennas have high aperture efficiencies but have limited operating
bandwidths. To increase the operating bandwidth, ridges can be added to the waveguide
and flared sections of the horns. A central ridge loads a waveguide and increases its
useful bandwidth by lowering the cutoff frequency of the dominant mode. To increase the
bandwidth, we can use the double-ridge structure, which is continuing from the
waveguide into the pyramidal horn as in the figure below. A rectangular waveguide with
a double ridge is a common design.

The only problem arising in this type of the horn is that the ridges must be
terminated within the flared section therefore the horn aperture must be at least half a
wavelength or more in width at the lowest frequency to permit propagation at the TEj,
mode. Therefore, when wide bandwidths are considered large phase errors occur at high
frequency unless the horn is extremely long. This phase error can be reduced to a

minimum by using dielectric lens [10].

Figure 1.5: Geometry of Typical Ridge horn antenna
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b) Diagonal Horn:

This is an unusual form of horn antenna but it has very desirable properties. All
the cross-sections through this horn are square, including the aperture. For small flare
angles, the mode of propagation within the horn is such that the electric vector is parallel
to one of the diagonals. The resulting diagonal polarization of the aperture field has given
rise to the name ‘diagonal horn’.

The resulting radiation pattern in the far-field possesses almost perfect circular
symmetry so that the 3, 10 and 20 dB beam widths are very closely equal, not only in the
principal E and H planes, but also in the 45° and 135° planes. Sidelobes in the principal
planes are observed to be at least 30dB down. In the £45° planes, first side lobes have
been observed to lie between 23 and 27dB down. Although cross-polarized lobes appear

at about 16dB down in the +45° planes, the horn efficiency remains high [12].

Transition from
rectangular guide to
diagonally polarized horn

Figure 1.6: Diagonal horn antenna

¢) Corrugated Horn:
Horn antennas are commonly used as a feed to large reflector. Therefore, there
was a large emphasis placed on the horn antenna to reduce its spillover efficiency and

cross-polarization losses. In a typical horn, the antenna pattern structure in the back lobe
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region is strongly influenced by diffractions from the edges; especially from those that
are perpendicular to the E-field at the horn aperture. These diffractions lead to
undesirable radiation not only in the back lobes but also in the main lobe and the side
lobes.

The basic idea was to prevent illumination at the E-plane edges. Therefore, to
decrease these diffractions two methods were proposed, Deep chokes and corrugated
walls were introduced inside the horn surface. The corrugated horn was more successful
than the choke slots horn because the choke slots introduced frequency sensitive
propagation. A corrugated surface has 10 or more slots per wavelength. These slots are
known as corrugations. Corrugated horns can provide reduced edge diffraction,
improved pattern symmetry and reduced cross-polarization.

The analysis of an infinite corrugated surface may be simplified considerably
by making the following assumptions.

e The slot walls (teeth) are vanishingly thin.
o Only the TEM mode in the slots is reflected from the base of the slots. The

higher order modes are attenuated before reaching the base.

Using the second assumption, for such a surface the reactance is given as [11].
x=-£_|£ tank d
g+t vNe
Where,
g =slot width

d = slot depth and
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glg+t =1

This condition is satisfied if t < g/10 and the second agsumption are valid for g <
A/10. Also, in order to prevent illumination of the E-plane edges, the surface reactance of
the corrugated surface must be capacitive. Thus, we require A/4 < d < A/2.

The presence of the corrugations near the waveguide-horn junction can affect the
impedance and the VSWR of the antenna. Therefore, the corrugations begin at a small
distance away from the junction, which leads to low VSWR over a broad band. The
corrugated horn antenna is very expensive to manufacture (especially if you consider
physically small size horns). The E-plane pattern of a large control horn and a large
corrugated horn having a flare angle of 34°, a slant height of 15.85 inches and a 9.7-inch

square aperture is shown below.
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Figure 1.7: Corrugated horn antenna with comparison Field Patterns [11].

d) Aperture-matched Horn:
There is a significant improvement in the pattern; impedance and bandwidth

characteristics of the horn by attaching a smooth curved surface section to the outside of
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its aperture edge. The curved surface section reduces the diffraction’s that occur at the
sharp edges of the aperture and provides smooth matching section between the hom
modes and the free-space radiation. The shape of the rolled edge is not critical but its
radius of curvature should be at least A/4. This type of horn is very inexpensive and
simple to construct.

The VSWR of the corresponding aperture-matched horn are much superior to
those of the conventional horn because both the throat and aperture reflections are very
minimal. The basic design of the aperture-matched horn can be extended to include
corrugations to its inside surface. This type of design enjoys the advantages presented by
both the aperture-matched and the corrugated horns with cross-polarized components of
less that —45 dB over a significant part of the bandwidth. This type of horn is used as a
reference and for frequency reuses applications in both satellite and terrestrial

applications.

Attached curved Aftached curved
surface sutface
Hom

Curved surface is
mounted flush with
horn walls

Attached curved
surface

Figure 1.8: Geometry of an Aperture Matched horn [4].
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¢) Horn with lens:

To shield against stray radiation from the source side of a lens, a metallic
enclosure may be used. This enclosure forms an electromagnetic horn of wide flare angle
with a lens at the aperture. Without the lens an optimum horn of the same aperture would
be much longer. The fact that the lens permits a much shorter structure for the same size
aperture is the principal advantage of a lens-horn combination over a simple horn

antenna. The type of lenses may be divided into two distinct types [9].

* Delay lenses, in which the electrical path length is increased by the lens
medium. In delay lenses the wave is retarded by the lens medium. Dielectric
lenses and H-plane metal —plate lenses are of the delay type.

* Fast lenses, in which the electrical path length is decreased by the lens

medium. E-plane metal-plate lenses are the fast type.

f) Integrated horn antenna:

The integrated horn antenna is used for sub millimeter-wave applications with a
Gaussian coupling efficiency of 75-80%. The main limitation of the standard integrated
horn is caused because of its large flare angle of 70° caused due to the anisotropic etching
of silicon. This limits the gain to 13dB and restricts its 10-dB beam width to 90°. But the
new quasi-integrated horn antenna has improved pattern symmetry and higher gain. The
quasi-integrated horn consists of a flared machined section attached to a standard

integrated horn antenna to form a multimode horn.
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The minimum dimension of the machined section is about 1.4, which permits the
fabrication of the quasi-integrated horn up to 1.5 THz. The abrupt change in the flare
angle at the junction on the integrated and the machined section of the horn, acts as a
mode-converter. It excites mainly the TE;q, TE2/TM;; and TEs5p modes. These modes are
subsequently properly phased on the radiating aperture by selecting the length and the
flare angle of the machined section. This results in symmetrical patterns with low side
lobe-level and low cross-polarization properties. Since the machined section transforms
the 1.35 A-square aperture of the standard integrated horn to a larger 3.56A-square
radiating aperture yielding a gain of 20dB. The calculated field patterns are given in the

other figure where we can see that the pattern symmetry is excellent down to —20dB.
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Figure 1.9: 20dB Quasi- Integrated horn antenna
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g) Dielectric-Loaded horn:

A new approach has been developed which tends to eliminate the requirement for
compromise between the uniform illumination and amount of energy lost in spillover
between the horn feed and the reflector. Dielectric guided structures are placed between
the primary feed and reflector. They are known as Dielguides. These guiding structures
utilize the phenomenon of Total Internal Reflection, which is a property of the boundary
between dielectric media, to reduce spillover and provide a more uniform reflector
illumination. This technique is simple and inexpensive to implement. They are most
commonly used in the Cassegrain reflector antenna. It also provides a broadband, highly
efficient and low-noise antenna feed.

Another method that has been used to control the radiation pattern of
electromagnetic horns is to insert totally within them various shapes of dielectric material
like slabs, wedges, etc. to control in a predictable manner not only the phase distribution
over the aperture, as is usually done by using classical parabolic lenses, but also to
change the amplitude distribution over the aperture. This is useful to design low side lobe
antenna patterns.

The figure below is a dual mode dielectric-loaded conical horn antenna. The thin
dielectric band inside the horn excites a series of higher modes and therefore results in a

symmetrical main beam with low side lobes [5].
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Conical Horn Dielectric Waveguide

e e F

Figure 1.10: Dielectric Loaded horn

1.7 Motivation:

The major application of the horn is a feed for the reflector. In that case, the
corrugated horn is the most successful one of the above cases. It has excellent radiation
characteristics and low side lobe level.

Due to increase in operating frequency, different type of horns can be considered
to replace the corrugated horns for these applications. The factors in choosing the horns
are easy to design, low cost, high frequency operation. The septum horn is an excellent
candidate. The septum horn is very similar to the normal E-Plane, H-plane and Pyramidal
Horn except they have better radiation pattern with Low Side lobe level. To look at the

reason behind this change, let us compare it to a rectangular pyramidal horn.
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The electric field in the H-plane of a pyramidal horn tends to zero at the edges and
results in a tapered distribution and reduced sidelines. But the electric field in the E-plane
is close to uniform amplitude at the edges, resulting in high sidelobes (-13.5dB).
Therefore, by altering this uniform amplitude distribution to a tapered function we can
reduce these sidélobes. This change in distribution is possible by placing symmetric
conductive plates perpendicular to the E-field inside the horn antenna. These plates
distribute the electromagnetic field over the horn aperture to achieve the desired tapered
amplitude on the aperture surface. These plates divide the horn into septums therefore the
name septum horns.

It was established experimentally that the plates should be located in a manner
which provides binomial distribution such that the center aperture between the plates
includes half of the overall horn aperture area [1]. Also, the number of plates utilized

should be kept to a minimum to preserve the bandwidth characteristics of the horn.
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Figure 1.11: Principle of Septum horn antenna

27




1.8 Summary:

In this chapter an introduction to horn antenna was given and the need for septum
horn antenna was established. The background theory of a rectangular pyramidal horn
and its far field radiation characteristics were derived. Many important parameters of the

antenna were discussed and also different types of horns were compared and studied.
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Chapter 2
Parametric study of Two-step Staircase

Distribution

2.1 Introduction:

The geometry under study is based on rectangular horns in the E-plane. There
exists a uniform amplitude distribution and causes high side lobe in its respective far field
pattern. This far field pattern can be improved by altering the uniform distribution in the
Near-field of the aperture. This is done by introducing conductive plate’s perpendicular
to the E-field of the rectangular aperture.

Therefore, it is essential here to study the Near-field characteristics in detail for
this kind of aperture. Step functions are used to obtain similar altered distribution due to
the effect of the plates. A Two-step Staircase distribution is introduced. It is possible to
deduce the far field pattern using the field study.. A MATLAB program is written using
these simplified field equations, and a parametric study is carried out. This parametric

study helps in understanding the septum horn design and its working principle.

2.2 Field Analysis for Rectangular Aperture:

The geometry of a typical rectangular horn antenna is shown in figure 1.2 from
Chapter 1. The beam width and side-lobe characteristics are related to the Near-field
distributions along the aperture. The rectangular aperture has width a; and height b,

represented in terms of 4.
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The general field over the aperture is given by [3].

F(x',y')= A(x'ay')e_ij"yl) (2.1)

Where, A(x',»') represents the amplitude distribution and W(x',')is the phase
distribution across the aperture.

Some important definitions to be noted for the study are the primary pattern (field
along the aperture) and the secondary pattern (the far field pattern). The primary pattern
would be the field distribution along the aperture or the near field i.e. F (x',y")given in
equation 2.1. The secondary pattern is the far field g(8,4) of the antenna as shown in eq
2.2. The secondary pattern depends only on the relative distribution over the aperture. In
this chapter, the study of secondary pattern would be more investigated as it would
provide us a better insight into the important horn parameters (mainly the side lobes). The

secondary pattern for the rectangular aperture is given as [3].

a)/2 b2
g(@) ¢) _ J‘ J‘F(xy,yy)e]ksmé’(xcos¢+ysm¢)dxv‘dyv 02

-a)/2-b,/2

Assuming F(x',y')=1 in both plane for a uniformly illuminated aperture with

uniform phase and amplitude, the secondary amplitude pattern from equation 2.2 can be

simplified and express as.
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The patterns in the principal planes (XZ and XY) are of particular interest.

Therefore, for the XZ- plane when ¢ =0, equation 2.3 can be further simplified to

sin(—/{— sin (9)
30.9)=50) = A—— .

For the YZ-plane when ¢ =7 /2 ; the pattern in this plane is similar to eq (2.4) but

ay is replaced by b;. From the above expression, when we replace 4 =_”.z_1sin9 , we get

the patterns in a general form.

sin(u)

g(u)= (2.5)

U
The secondary pattern characteristics for various types of aperture distributions
have been extensively studied in [3]. The patterns for uniform, cosine distributions have
been well established and charted in Appendix A. Using these well examined secondary
pattern characteristics as comparisons, we will try to investigate the working principle of
the thesis design. A MATLAB program can be written with this simplified secondary

pattern in equation 2.5 and parametric study can be carried out.
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2.3 Phase error effects:

In the above topic, an expression was derived for the secondary pattern when a
uniform amplitude distribution was assumed at the aperture. The effects caused by phase
variations on the secondary pattern were not considered. The phase variations on the
fields over the aperture of the horn will have a significant effect on the final radiation
pattern of the antenna.

Assuming the field being uniform in the Y-direction and if phase error exists in
the X-direction only equation (2.2) can be rewritten as

aj/2
2(0) = j F(x').e"5m0 gy o

-al/2

Jhkx'sing

The phase error term ¥ (X) is introduced in equation 2.7 at the exponential € The

phase error distribution can be separated into three basic forms.

e Linear error: (x) = fx
e Quadratic error: (x) = Ax’

o Cubic error: w(x) = fAx°

The linear phase error will cause a tilt in the main beam of the antenna. The
quadratic phase error will lead to a reduction of directivity and an increase in sidelobe
level on either side of the main lobe. The quadratic phase errors would naturally occur in
a rectangular horn antenna due to phase variations at the aperture. This type of error can

cause the disappearance of nulls and blending of the minor lobes in the pattern. The cubic
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errors cause asymumetrical patterns and increase in magnitude of one side of the minor

lobes.

2.4 Two-step Staircase distribution:

It is known that the aperture of a general rectangular horn antenna has uniform
amplitude distribution from the previous topics. Commonly, the uniform amplitude
distribution can be represented as a step function [3]. 1tis also evident from the theory on
the rectangular apertures; that the secondary pattern of step functions will be a form of
sinc function with respect to the dimensions of the rectangular aperture equation 2.5.

This would be the typical field pattern for any rectangular horn antenna and can
be represented as a step function with F(x', ¥')=1. Equation 2.5 is linear therefore
superposition is possible by varying two step functions of different length when assuming
uniform phase.

The significant contribution of the step functions in this study is

* The most important aspect of having step functions in this study is that the
respective secondary pattern will be a form of sinc function. This simplifies the
computation for the secondary pattern considerably (equation 2.5).

s Step functions can be added to form another function (like Two-step Staircase
functions). It is simpler to find the respective secondary pattern for this new
function.

e It is possible to synthesize any type of distribution in the primary pattern using
these functions. By adding different combinations and sizes of the step functions,

it is possible to achieve any respective distribution (Cosine, Taylor etc).
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Therefore, using the sinc functions it is possible to do a parametric study of
uniform distributions by computing the resultant secondary pattern. The main objective
here is to study the effect of the near field using step functions and to depict its
limitations. This study will provide us a clear insight about the working of the thesis
design.

The parametric analysis of the amplitude distribution using step functions in done
basically in two ways.

First, since conduction plates are introduced plates into the rectangular aperture in
the thesis design, the horn aperture will be bifurcated or separated into many divisions.
Let us consider the case of introducing two conduction plates into the horn aperture.
These plates separate the horn into three apertures. According to the placing of the plates
near the waveguide, the power flowing into the horn structure from the waveguide is
controlled. When the position of the plate is nearer to the horn flare at the waveguide,
more power will flow into the centre aperture than the other two apertures near it. As the
plates are moved away from the horn flare, power flow into the center aperture is
reduced. Therefore, by introducing these plates the uniform amplitude distribution of the
horn aperture is altered.

This principle forms the first part of the synthesis. The altered amplitude
distribution is shown in figure 2.1 using step functions. The distribution in figure 2.2
would be the added form of two step functions of different lengths. Since it looks similar
to a staircase and is obtained by combining two step functions, let us name it as Two-step

staircase distribution.
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P + P, = P+P,

A ’ B \ A

Figure 2.1: Formation of Two-step Staircase distribution using step functions

Step functions P and P, are added together to form the resultant step function
P,+P,. The secondary patterns of P, and P, can be determined from equation 2.5 and due
to linearity their respective secondary patterns can be added together. Let g; and g be the
secondary patterns of Py and P, from equation 2.5 and the resultant secondary pattern gy
will be

sin(u ,) N sin(u z)

Uy Up

gres:gl+g2:

A MATLAB program is written to add these respective sinc functions, respective
to the lengths A and B, to obtain the resultant far field pattern. The far field patterns are
analyzed significantly and its results are tabulated. The patterns provide information

about important characteristics of the horn and its radiation properties.

2.5 Essential Parameters for the Parametric Study:

This study is based on the principle of step functions or staircase distributions.

Therefore the parameters used in this study are derived from a similar distribution as in
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figure 2.2. Let us define the essential parameters in which this parametric study will be
based on. The essential parameters are B, ol and @2 . Where

1. A is the length of the rectangular aperture give in terms of A and is in accordance
to the aperture design. A will remain as the assumed aperture length throughout
the analysis.

2. B is the distance or the length between the two conducting plates on the horn
aperture and can be varied when the plates are moved across the aperture (central
aperture). It is also represented in terms of 1.

3. ol and a2 are the respective heights of the two step functions to be added. They
will be used as a ratio in the parametric study. These parameters will represent the

placing of the plates near the waveguide and the plate length.
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&2
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Figure 2.2: Parameters of a typical Two-Step Staircase distribution

Using the above defined essential parameters, the analysis of the amplitude

distribution is carried out. Throughout the study, the parameters A and B are assumed to
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be in terms A and parametersa! and a2 to be numerical constants. ol and @2 will be

analyzed by using them as the ‘ratio’ parameter ol /2.

2.6 Parametric Study of Two-step Staircase Distribution:

For the first part of our analysis, parameter B will be varied, keeping A, a1 and
al constant. A is assumed to be 4.7 4. This design size is similar to the rectangular

aperture of the horn antenna which is to be simulated and compared. ol and a2 are

assumed to be 0.5 for this part of the study.
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Figure 2.3: Generated Secondary Patterns for parametric changes in B from I to 4.7 A,
A=4.7 A, al=a2=0.5.
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The generated plots of .the MATLAB program are shown in figure 2.3. The
resultant secondary patterns occur when parameter B is changed from 1 to 4.7 4.

From figure 2.3, it is evident that when the parameter B is between 2 and 3 4 , the
secondary field pattern has side lobes around -20 dB and exhibits better characteristics
than a uniform distribution of -13dB. Therefore, it is necessary here to have a closer look
at the patterns between these ranges.

Also, when B=4.7 A, the radiation pattern is similar to a horn antenna with
uniform amplitude distribution (= -13 db in the first side lobe). This is because here both
the parameters A and B are 4.7 1, that is the length between the two plates coincides with
the aperture length and hence a uniform distribution will result across the horn aperture.

Now, let us have a closer look when B varies from 2 to 3 A, their respective

generated MATLAB plots are shown in figure 2.4.
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The far field patterns within this range have excellent characteristics. At B=2.2 A ,
the first side lobe level is suppressed to about -30 dB and mostly remains less that -20 dB
until B increases to 3 4. After considering different cases in figure 2.4, we can select the
patterns at B=2.354 and 2.7 4 for further analysis. The main reason for these conclusion
are because of the occurrence of null at the first side lobe for the case when B=2.35 4.
Though their second and third sidelobes are very high, it will be interesting to see what
happens to the null in the second part of the parametric study. Also for the case when

B=2.7 A the sidelobe envelope is well below -20dB.

ratio=0.42 ratjo=0.657
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Figure 2.5: Generated Secondary Patterns for the parametric changes in the ratio of
alanda2 when B=2.351, A=4.7 1, al +a2 =1.

40




For the next part of the study, parameters «1 anda?2 are varied as a ratio for the

selected patterns. The value of the parameter A will remain the same (4.71) The

generated plot in figure 2.5 shows the effect of changes in the far field due to parametric
changes of al/a2 represented as ‘ratio’

In figure 2.5, for the case when the ratio is 1, we obtain a similar pattern as the
one in the previous parametric study in figure 2.4 when B=2.351. As we increase the
ratio from 1, minor side lobes arise and are well below -30dB. Though the sidelobes are
very low they are not beneficial because of high third and fourth sidelobes. The minor
side lobes increase has the ratio is incremented slowly. They gradually increment to about
-25dB when their ratio is just greater than 2. Later, the first side lobe increases to -13dB
has the ratio is increased more than 4.this pattern is similar to that of a typical rectangular
horn.

The generated plots in figure 2.6 depict a similar study but for the case when
B=2.7 1. For the entire parametric study, the first sidelobe lies mostly around -20dB. The
entire sidelobe envelope lies around -20dB and gradually increases to -13dB when ratio is

increased more than 4.
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Figure 2.6: Generated Secondary Patterns for the parametric changes in the ratio of
alanda2 when B=2.71 , A=4.72 , al +a2 =1.

It is also possible to study the phase error effects on these cases. This is done by

introducing the phase factor into the Sinc function of the secondary pattern.

2.7 Summary:

A parametric study of the effect of Two-step Staircase distribution on the Far-
field pattern of the antenna was carried out in this chapter. Simplified equations for the

secondary pattern were derived using the rectangular aperture theory and these equations
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were significantly used in the MATLAB program for the parametric study and to
generate their respective secondary patterns. This study gives us an insight into the
placement of the plates across the horn aperture and its effect on the secondary pattern.

The first part of the parametric study has provided us significant information
regarding the placement of the plates on the horn aperture. Assuming the horn aperture
has the length 4.7 4, we can conclude that improved field pattems are obtained when the
plates are placed in such a way at the horn aperture that the length between them is from
2354 t02.74.

The parametric study of ratio provides us information regarding the length of the
conducting plates and its placing near the waveguide. This study also provides us
correlated information of parameters arlanda2 in the Two-step Staircase distribution to
provide improved patterns in the far field.

A sidelobe envelope of about -20dB was achieved by altering the uniform
amplitude distribution to a Two-step Staircase distribution. This is an improvement of
7dB in the far field patterns. The parametric study provides useful information regarding
the use and placing of conductive plates in the horn aperture. Also, provides the optimum
range of parameters which would be beneficial in the far field patterns.

e B (central aperture) between 2.354 and2.71, when A=4.7 1 .

e Ratio (al/a2) between 0.4 and 1.5.
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Chapter 3

Synthesis of Amplitude Distributions

3.1 Introduction:

The rectangular horn has uniform amplitude distribution and this causes
diffractions in the edges, which in turn results in a first sidelobe level of ~13dB[4]. By
introducing two conducting plates, the uniform distribution along the rectangular aperture
is altered to a Two-step Staircase distribution. The horn aperture is bifurcated by the
plates and the power flow into the aperture is controlled by its placement near the
waveguide.

The parametric study in Chapter 2 helped us understand the effect of the plates on
the radiation pattern and using that study optimum parameters for the placement of the
plates on the horn aperture was determined. Considerable improvement in the first
sidelobe level from -13dB of a normal rectangular horn (uniform distribution) to -20dB
for a Two-step staircase distribution horn was obtained.

In this chapter a simple synthetic technique is introduced to synthesize different
types of distribution using the Two-step Staircase distribution. It is well known [3-4] that
for Cosine, Taylor distribution in the primary pattern, the far field patterns are much
better than the uniform distribution. The first side lobe occurs at -23dB for the Cosine, it
is even better for a Cosine-square distribution (about -32dB).

Using different combinations of step functions (generally some form of staircase

distributions with correlation with the thesis design) the above discussed distributions can
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be synthesized. These distributions will be analyzed in accordance to the respective thesis
design aperture length in terms of 1. The synthesis technique is carried out on cosine,
Taylor and other distributions. Using the synthesized parameters and the MATLAB
program from chapter 2, their respective secondary patterns can be generated.

For reasons to be discussed later the aperture size for the Cosine distributions as

shown in figure 3.1, is selected tobe 5 1.

Nomahized Paltern
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s N w I~ Fé ) o3 4 m © -
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Figure 3.1: Cosine Distributions for L=5 /,

To synthesize the required distribution using the Two-step Staircase
distribution, the parameter values of B, alanda?2 have to be varied accordingly. It is

also evident here that it is not possible to exactly synthesize the required distribution and
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therefore there will be some limitations. The resultant synthesized far field patterns will
be secondary to the original distribution patterns in some cases but there will be an
undisputable improvement when compared to the uniform distribution.

Also, when more number of staircases is used in synthesizing to achieve the
desired distribution, better synthesized field patterns are achieved. But in the physical
design this practically means more numbers of plates have to be introduced into the horn
aperture. These plates will cause impedance problems near the waveguide of the horn and
this will result in phase errors and gain reduction in the field patterns. Therefore, it is
beneficial to limit the number of staircases. Hence, in our synthesis technique, we will
limit the staircase distribution to a maximum of three staircases (Three-step Staircase

distribution).

a3

Cina

a2

Bini

al

AinAd

Figure 3.2: Three-step Staircase distribution and its parameters
The synthesis of the amplitude distributions will be carried out in two ways. First,
amplitude distributions like Cosine and Taylor functions as shown in figure 3.1 and

figure 3.18 will be considered with respect to the aperture length. These distributions will
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be synthesized using the Two-step Staircase distribution similar to the one shown in
figure 2.2 and Three-step Staircase distribution as in figure 3.2.

Different combinations of Two-step Staircase distributions are possible to
synthesize the needed distribution. The combinations of the parameters of the Two-step
Staircase distributions which fit the needed distributions will be tabulated. Also, using
these synthesized parameters their respective secondary patterns can be generated using
the MATLAB program from the parametric study in Chapter 2. The synthesis technique
generates parameters to achieve low sidelobes in the radiation pattern. This process is
repeated again for the Three-step Staircase distribution. Finally, the generated results of
the secondary pattern for both these synthesized parameters will be tabulated and

compared to the original pattern from their respective distributions [Appendix Al].

3.2 Cosine Distribution

As an example of the synthesis a cosine distribution over 51 aperture is
considered in this section. Let us take a closer look at synthesizing technique for
synthesizing this distribution using the Two-step Staircase distribution. Though many
ways are possible to synthesize the cosine distribution using the Two-step Staircase
distribution, let us consider the one shown in figure 3.3 for explanation.

The parameters for the Two-step Staircase distribution al,@2and B are chosen
accordingly in order to fit the required cosine distribution. The darker shaded regions are
the Two-step Staircase distribution in figure 3.3 and try to fit the Cosine distribution. The

synthesized parameters of the Cosine distribution using a Two-step Staircase distribution
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in figure 3.3 are @1=0.5, @2=0.4 and B=2 1. Using these parameters, their secondary

patterns are generated from the MATLAB program in Chapter 2.

Normalized Pattern

Figure 3.3: Synthesizing the Cosine Distribution of Base L=5 A , with T wo-step
distribution A=4.7 4 ,B=2 1 , al=0.5, a2=0.4.

A closer look at figure 3.3 would provide the fact that al+a2=0.9, A=4.7 1.
The synthesis procedure is repeated again for cases when «al+a?2 are equal to 1 and 0.8
to characterize optimum results. The far field patterns with respect to the synthesized
parametric values are generated and tabulated in Table (1) for the case when al+a2=1.

It is also evident from figure 3.3 that the Cosine distribution can be synthesized
using different parameters of Two-step Staircase distributions. Therefore, by repeating a

similar process with different parameters of @l,a2and B, the cosine distribution is
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synthesized using Two-step distributions and their respective parametric values are

tabulated.

Table 1: Synthesis of Cosine Distribution using Two-Step Staircase
Distributional + a2 =1,L=51, A=4.7 1. B, al, a2 are variables.

Parametric values SSL1 SLL2

Case |B(1)| a1 a2 | alla2 | (dB) (dB)
1 2.5 0.3 0.7 0.43 -17 -19
2 2.7 0.5 0.5 1 -23 =22
3 1.5 0.5 0.5 1 -13 -19
4 1 0.6 0.4 1.22 -10 -22

..............

L

[N
DR g
]

Secondary Pattern in dB

100
tetha in degrees

Figure 3.4: Generated Secondary Patterns for the synthesized parameters from Tablel
using Two-step distribution for al+a2 =1, L=5 and A=4.7 3. B, al ,a2 are
variables.

Table (1) and figure 3.4 show the tabulated and the generated secondary patterns

according to the synthesized parameters. The first sidelobe level SLIL1 and Second
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sidelobe level SLL2 in Table (1) are tabulated from the generated secondary patterns in
figure 3.4. .

Before analyzing the tabulated results given above, let us also synthesize the
cosine distribution with the Three-step staircase distribution. This process is very similar
to the Two-step staircase distribution, the only difference being the extra parameters
involved in the synthesis. The extra parameters @3 and C will occur due to the use of the
third step function as shown in figure 3.5. Here, also the shaded dark regions represent

the Three-step Staircase Distribution and try to fit the Cosine Distribution.

Nomalized Pattern

Figure 3.5: Synthesizing the Cosine Distribution with Three-step Staircase distribution
L=51-4=4.74,B=34 ,C=21, a1=0.3, a2=0.4, a3=0.3.
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Table 2. Synthesis of Cosine Distribution with Three-Step Staircase

Distributional+a2+a3=1, L=51,A=4.71. B, C,al, a2, a3 are variables.
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Case | B(1) | C(A) | al | a2 | a3 (dB) (dB)
1 3 2 03] 0403 -18 -21
2 3 1.5 103] 03 | 04 -27 -22
3 3 1.5 102 0.6 | 0.2 -27 -28
4 3 1 04] 03| 03 -15 -21
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6 2 1 0510302 -14 -26
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Figure 3.6: Generated Secondary Patterns for the synthesized parameters from Table2

using Three-step Staircase distribution for al +a2 +a3 =1, L=51,A=4.71. B,

Cal,a2,a3 are variables.

51




The synthesized parameters of the Three-step staircase distribution are tabulated
in Table 2 and their respective secondary field patterns are shown in figure 3.6.
Practically the Three-step staircase distribution in the thesis design means the
introduction of the four conductive plates into the horn aperture.

The secondary pattern results in Table 1 and 2 are by synthesizing the cosine
distribution using Two-step and Three-step Staircase distributions. For the general case of
Cosine distribution in the aperture the first sidelobe level occurs at -23 dB [Appendix A].

The maximum achieved first sidelobe level when synthesizing with the Two-step
Staircase distributions is -20dB (about 3dB lesser than the cosine distribution) but for the
case of Three-step Staircase distribution -27dB is obtained, an improvement of 4dB. This
supports the earlier inference that for more number of step functions in the synthesis
technique, improved results are achieved and are better than ideal.

Let us repeat the synthesis technique for cases when al+a2<1 and
al+a2+a3<l. Their respective secondary patterns are tabulated from the generated
synthesized parameters after synthesizing the Cosine distribution using the Two-step and
Three-step Staircase distributions. The secondary pattern and the synthesized parameters
for all the cases when al+a2<1 and al+a2+a3<l1 are plotted in Table 3-6 and from

figure 3.7-3.10.
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Table 3: Synthesis of Cosine Distribution using Two-Step Staircase
Distributional+a2=0.9, L=51, A=4.7 1. B, al, a2 are variables.

Parametric values SSL1 SL12

Case | B(1)| a1 a2 | alla2 (dB) (dB)
1 3 0.2 0.7 0.28 -16 -20
2 3 0.3 0.6 0.5 -18 -22
3 2.5 0.4 0.5 0.8 -19 -20
4 2 0.5 04 1.25 -22 -16

........

100

Secondary Pattern in dB

L TN S o PR U

100

......

[P

1 a1
[ 3 S -
1 L3

.30 .,\ aa-
-40

mmm e m————
:

oo 50

tethain degrees

O bemenn

100

Figure 3.7: Generated Secondary Patterns for the synthesized parameters from Table 3
using Two-step Staircase distribution for ol + @2 =0.9, L=51, A=4.7 1. A=4.7 1. B,
al, a2 are variables.
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Table 4: Synthesis of Cosine Distribution with Three-Step Staircase

Distriputional +a2+a3=0.9, L=54, A=4.74. B, C al, a2, a3 are variables.

Parametric values SSL1 SLL2
Case |[B(1) | C(A) | al | a2 | a3 (dB) (dB)
1 4 1.5 104 04 | 0.1 -19 -19
2 3 2 03104 02 -24 -28
3 2.5 1.5 |04] 04 | 0.1 -20 -24
4 2 1.5 1051031 0.1 -19 -17
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Figure 3.8: Generated Secondary Patterns for the synthesized parameters from Table 4
using Three-step Staircase distribution for a1l +a2 +a3=0.9, L=51, A=4.7 4 . B,
C al,a2, a3 are variables.
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Table 5: Synthesis of Cosine Distribution using Two-Step Staircase
Distributional +a2=0.8, L=54, A=4.7 4. B,al, a2 are variables.
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Figure 3.9: Generated Secondary Patterns for the synthesized parameters from Table5
using Two-step Staircase distribution for al +a2=0.8, L=5A, A=4.7A. A=4.7 ). B,

al, a2 are variables.
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Table 6: Synthesis of Cosine Distribution with T, hree-Step Staircase
Distributional+a2+a3=0.8, L=51, A=4.71.B, C,al,a2, a3 are variables.

Parametric values SSL1 SLL2
Case | B(1) | C(A) | al | a2 | a3 (dB) (dB)
1 4 1.5 1011 0.6 | 0.1 -19 -19
2 3.5 25 103] 03] 0.2 -20 -38
3 3.5 2 021 05 0.1 -19 -28
4 3 1.5 1041 03 ] 0.1 -30 -34
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Figure 3.10: Generated Secondary Paiterns for the synthesized parameters from Table 6
using Three-step Staircase distribution for al + a2 +a3=0.8, L=51, A=4.7 1. B,
Cal,a2, a3 are variables.
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From the above synthesized study it is evident that when al+a?2<1
oral+a2+a3<l1, excellent results are achieved. There is considerable improvement in
the generated secondary patterns from both synthesized parameters of Two-step and
Three-step Staircase distributions.

The best achieved first sidelobe level in the secondary pattern is compared in
Table 7 for different synthesized parameters of both Two-step and Three-step staircase

distributions.

Table7: Comparison of Best achieved sidelobe characteristics Jrom both synthesized
parameters of Two-step Staircase and Three-step Staircase distributions Jfrom Cosine
distribution L=5 A and A=4.7 1.

Synthesized Best Synthesized Best
parameters Achieved Side parameters Achieved Side
Two-step lobe level (dB) Three-step lobe level (dB)
distribution distribution
alta2=1 -20 alta2+a3=1 -27
al+a2=0.9 -19 al+a2+a3=0.9 -24
al+a2=0.8 -20 al+a2+a3=0.8 -30

From the comparison in Table 7 it is evident that excellent sidelobe characteristics
are achieved for the case al+a2+a3=0.8 from the Three-step Staircase distribution.
The first sidelobe level occurs at -30dB below the main lobe for this case. The Two-step
staircase distribution has the sidelobe envelope occurring at -20dB for most of the cases.
There is a huge improvement in sidelobe characteristics for the case when al+a?2 <1
when compared to the case al+a2=1. The best field pattern was achieved from the
synthesized parameters of Three-step Staircase distribution for the case when

al+oa2+a3=0.8. It is better than ideal.
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3.3 Cosine-square Distribution

A similar synthesis technique is again repeated with the Cosine-square
distribution as shown in figure 3.11. The different synthesized parameters and their
respective secondary patterns are generated and tabulated for both Two-step and Three-
step Staircase distribution cases when a1+ a2 andal+a2+a3 are varied from 1 to 0.8.
For the general cosine-square distribution the first side lobe is about -32 dB [Appendix

Al

cas

0.8 .

0.6 4

0.4 ' -

Normalized Pattern
Q
]
]

01f . 4

R
tn
N
)
—
tn
—
="
tn
mrofk
o
tn
—
-_—
o
N
N
o

Figure 3.11: Cosine-square Distribution for L=5 1.

58




Table 8: Synthesis of Cosine-square distribution with Ti wo-Step Staircase
Distributional+a2=1, L=51, A=4.71. B, &1, a2 are variables.

Parametric values SSL1 SLL2
Case | B(1)| g1 a2 | alla2 (dB) (dB)
1 2 0.2 0.8 0.25 -14 -
2 1.5 0.3 0.7 0.43 -17 -
3 2.7 0.5 0.5 1 -23 =22
4 0.5 0.45 0.55 0.81 -5 -8
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Figure 3.12: Generated Secondary Patterns for the synthesized parameters of

Cosine-square from Table 8 using Two-step Staircase distribution for al +a2 =1,

L=51,4=4.72. A=4.7 1. B, al, a2 are variables.

It is interesting to note here that the synthesized secondary pattern results obtained

after the synthesizing for the case when al+a2=1 from Table 8 are not as efficient as

the previous synthesizing results of the Cosine distribution using the Two-step Staircase
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distributions. The best achieved first sidelobe for this case is -20dB. Now, let us
synthesize the Cosine-square distribution using the Three-step staircase distribution. The
synthesized parameters and their secondary patterns are tabulated in Table 9 and plotted
in figure 3.13.

Table 9: Synthesis of Cosine-square distribution with T, hree-Step Staircase
Distributional+a2+a3=1, L=51, A=4.74. B, C,al, a2, a3 are variables

Parametric values SSL1 SLL2
Case | B(1) [C(1) | al | a2 | a3 (dB) (dB)
1 2.8 1.5 101] 04| 05 -27 -23
2 2.5 1.5 [02] 03| 05 -21 -
3 2.5 1 03102105 -10 -20
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Figure 3.13: Generated Secondary Patterns for the synthesized parameters of Cosine-
square from Table 9 using Three-step Staircase distribution Jor al+a2+a3=] L=51,
A=4.72.B, C,al,a2, a3 are variables.
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Only two secondary patterns were plotted in figure 3.13 from the synthesized

parameters in Table 9. A first side lobe level of about -27dB was achieved. Now lets us

repeat the same process of synthesis for the cases when al+a2<1 and al+a?2 +a3<l.

Table 10: Synthesis of Cosine-square Distribution using Two-Step Staircase

Distributional +a2=0.9, L=51, A=4.7 1. B, al,a? are variables.

Parametric values SSL1 SLL2
Case | B(1)| a1 a2 | alla2 (dB) (dB)
1 2 0.2 0.7 0.28 -15 -
2 1.75 0.3 0.6 0.5 -16 -
3 1.5 0.4 0.5 0.8 -12 -19
4 0.5 0.5 0.4 1.25 -7 -9
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Figure 3.14: Generated Secondary Patterns for the synthesized parameters of Cosine-
square from Table 10 using Two-step Staircase distribution for a1+a2 =0.9, L=35 A,
A=4.7A.4=4.7 2. B, al, a2 are variables.
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Table 11: Synthesis of Cosine-square Distribution with T hree-Step Staircase
Distributional +a2+a3=0.9, L=51, A=4.74. B, C.al, a2, a3 are variables

Parametric values SSLL1 SLL2
Case | B(1) | C(A)| al | a2 | a3 (dB) (dB)
1 3 1 0.1 06 | 02 -18 -
2 3 1.5 10205 0.2 -32 -31
3 2.5 1.5 [03] 04 | 02 -20 -30
4 2 1 04 04 | 0.1 -16 -20
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Figure 3.15: Generated Secondary Patterns for the synthesized parameters of Cosine-
square from Tablell using Three-step Staircase distribution for al + a2 +a3=0.9,
L=54,4=4.71.B, C,al,a2, a3 are variables.
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Table 12: Synthesis of Cosine-square Distribution using Two-Step Staircase
Distributional+a2=0.8, L=51, A=4.7 4. B,al, a2 are variables.

Parametric values SSL1 SLL2

Case | B(1)| a1 a2 |alla2 | (dB) (dB)
1 3 0.2 0.6 0.33 -17 -21
2 2.5 0.3 0.5 0.6 -18 -19
3 2 04 04 1 =22 -17
4 1.5 0.5 0.3 1.67 -14 -20
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Figure 3.16: Generated Secondary Patterns for the synthesized parameters of Cosine-
square from Table 12 using Two-step Staircase distribution for al +a2 =0.8, =5 A,
A=4.7A. B,al, a2 are variables.
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Table 13: Synthesis of Cosine-square Distribution with T, hree-Step Staircase
Distribution 1 +a2+a3=0.8, L=51, A=4.74. B, C,al, a2, a3 are variables

Parametric values SSL1 |SLL2|SLL3
Case | B(4) | C(1) | al | a2 | @3 | (dB) | (dB) (dB)
1 4 2 0.1} 04| 03 -37 -33 -19

2 3.5 1 0204102 -16 -
3 2.5 1.5 10304/ 0.1 -20 -24 -
4 2 1.5 [04] 03 | 0.1 -18 -17 -
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Figure 3.17: Generated Secondary Patterns for the synthesized parameters of Cosine-
square from Table 13 using Three-step Staircase distribution Joral+a2+a3=0.8,
L=5A,A4=4.7.B, C al,a2,a3 are variables.
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The Secondary pattern results from Tables 8-13 are obtained from synthesized
parameters using both Two-step and Three-step Staircase distributions for the case when
al+ta2 and al+a2+a3 are varied form 1 to 0.8. The best achieved sidelobe

characteristics are tabulated in the comparison Table 14.

Tablel4: Comparison of Best achieved sidelobe characteristics Jfrom both synthesized
parameters of Two-step and Three-step Staircase distributions Jrom Cosine-square
distribution L=5J.and A=4.7 1.

Synthesized Best Synthesized Best
parameters Achieved Side parameters Achieved Side
Two-step lIobe level (dB) Three-step lobe level (dB)
distribution distribution
al+a2=1 -20 al+a2+a3=1 -22
al+a2=09 -16 al+a2+a3=0.9 -32
al+a2=0.8 -20 al+a2+a3=0.8 -20

From the comparison Table 14, considerable improvement in the first sidelobe
seen in the cases when al+a2=0.8 and al+a2+a3=0.9. The best achieved first
sidelobe for the Two-step Staircase distribution synthesis case is -22dB. This is a
difference of 10dB with the original Cosine-square distribution (-32dB).The cosine-
square distribution is more tapered than the cosine distribution. Therefore, it is more
beneficial to synthesize the Cosine than the Cosine-square distribution using the Two-
step staircase distribution. Excellent sidelobe characteristics are obtained when
synthesized using the Three-step Staircase distributions for the case al+a2+a3=0.9.

This is equivalent to the normal Cosine distribution sidelobes.
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Also, it is obvious that the above synthesis of Cosine distribution that the
synthesis technique when used on the cosine-cube distribution wont be very efficient for

the Two-step Staircase distribution because of further tapering of the curves.

3.4 Taylor Distribution
Certain distributions which provide excellent field pattern characteristics can also

be synthesized. One such distribution is the Taylor distribution shown in figure 3.18.

v Normalized Pattern

Figure 3.18: Taylor Distribution for L=5 A
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The expression for a single parameter Taylor distribution [18] is given as

I(z)=1J

o

(3.1)

Where */” is the total length of the aperture and _—% <z'< % . J, is the Bessel

function of the first kind of order zero and B is a constant to be determined from the

AT

_]—— : .
specified side lobe level and o(e 2z ') =J O(JZ ') =/ O(Z ') Now from equation

3.1 J,is formulated to 7, (x) in equation 3.2.

(3.2)

The Bessel function Jj, is calculated from the polynomial approximations [15]

given in equation 3.3.

I,(x)=1+3.5156229¢*+3.0899424¢"+
1.2067492t°+.2659732¢5+

(G3)
.0360768¢°+.0045813¢%+¢

To achieve a side lobe level around -25dB, B is assumed as1.0229 andf = x/3.75

Also °x’ is given from equation 3.2 as.
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and varies from —3.75<x<3.75

Using these polynomial approximations, the Taylor distribution is generated
across the aperture length L as shown in figure 3.18. A first side lobe at -25dB is obtained
for this particular distribution.

The same synthesizing technique for the cosine and cosine-square distribution
was repeated. Instead of tabulating all the generated secondary patterns again only the
best cases of achieved first sidelobe when a1+a?2 and al+a2+a3 are varied from 0.8

to 1 were tabulated in the comparison Table 15.

Tablel5: Comparison of Different Synthesized parameters with results of the Synthesized
Two-step and Three-step Staircase distributions of a Taylor distribution L=5 4 and

A=4.7 1.
Synthesized Best Synthesized Best
parameters Achieved First parameters Achieved First
Two-step Side lobe level Three-step Side lobe level
distribution (dB) distribution (dB)
al+a2=1 -16 al+a2+a3=1 -24
al+a2=09 -18 al+a2+a3=09 -28
al+a2=0.8 -20 al+a2+a3=0.8 -23

The Taylor distribution ideally was generated to achieve -25dB first sidelobes.

The result in the comparison Table 15 shows similar results. As expected, there was an
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improvement in the first sidelobe levels from the synthesized parameters of the Three-
step staircase distribution to the two-step distribution. A first sidelobe of -28dB was noted
for the case when al+a2+a3=0.9. The synthesized parameters for that respective case
were @1=0.4,a2=0.4,a3=0.1,B=3 1 and C=1.5 /1 .The best case when synthesizing with
Two-step staircase distribution occurs when al+a2=08. The synthesized parameters
for this case were a1=0.6,22=0.2 and B=2.5 1.

The secondary patterns of the best case synthesized parameters for the cases

al+a2=0.8 and al+a2+a3=0.9 are plotted in figure 3.19.
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3.5 Complicated Distributions

The most significant advantage of synthesizing using Step functions is that it is
possible to synthesize any type of distributions. Figure 3.20 is such a complicated
distribution and we cannot directly synthesize this distribution with both Two-step and
Three-step staircase Distributions. The major issue here is synthesizing the small ripples
occurring at the end of the aperture in figure 3.20. Therefore, instead of directly using the
staircase distributions we combine them with step functions or uniform distribution to

synthesize such a pattern.
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Figure 3.20: Complicated Distribution for L=6 A
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The step functions are mainly used to form the small ripples at the end of the
aperture. Two step functions of different amplitudes and lengths will have to be
subtracted as shown in figure 3.21 to form the ripples. The reason for using different
amplitudes is to achieve the negative amplitude in the required distribution. Once these
ripples are formed at the edge the Staircase distributions are added to this function to
obtain the required complicated distribution as in figure 3.20.

Practically to obtain a similar distribution, extra plates will have to be applied
across the aperture in the horn design. The plates will be placed near the waveguide in
such a way that a 180 degree phase change will occur between the preceding plates and

this causes the formation of the ripples primary pattern.

N M‘m‘% v
A 8 A
A A A
-+ =
J | -
3 — ¢
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Figure 3.21: Step Functions to synthesize the complicated distribution.
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3.6 Summary:

A simple synthetic technique was introduced in this éhapter to synthesize
beneficial distributions in the aperture. The synthesis of amplitude distributions at the
rectangular aperture was carried out using both Two-step and Three-step Staircase
distributions and their results were tabulated. The synthesis technique introduces a unique
concept of simplifying complicated distribution using step functions. Using these
synthesized parameters, it is possible to produce desirable and improved secondary
patterns. These parameters can be used in the septum horn to achieve desired radiation
patterns. The synthesis technique with the study of Two-step Staircase distributions in
Chapter 2 enables the parametric study about the effect of the plates on the radiation
pattern on a pyramidal horn to be conducted in Chapter 4.

Tablel6: Comparison of Different Distributions with results of the Synthesized Two-step
and Three-step Staircase distributions

Distributions General First Two-step Three-step
Side Lobe distribution distribution
(dB) (dB) (dB)
Cosine -23 20 -30
Cosine-Square -32 -20 -32
Taylor 25 -20 -28

The tabulated patterns evaluate the limitations and provide us sufficient
information regarding the improvement in the performance of the antenna. Table 16
shows the best achieved results in the secondary pattern using the synthesis technique for
both Two-step and Three-step Staircase distributions. In some cases better than ideal

results are achieved.
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Chapter 4
Parametric study of the Pyramidal Septum Horn

Antenna and Antenna Fabrication Results

4.1 Introduction

In this chapter a detailed parametric study of the effect of the plates on a
pyramidal horn antenna is carried out. From the Two-step Staircase distribution in
chapter 2, it is clear that by altering the uniform amplitude distribution their results a
much improved Far-Field characteristics on the antenna. This is practically achieved by
introducing two conductive plate’s perpendicular to the E-field and across the horns
rectangular aperture. The parametric study in chapter 2 provides us valuable information
regarding placement of the plates and helps us in the initial assumptions for this practical
parametric study.

Ansoft’s EM software HFSS is used to model and simulate the rectangular
pyramidal horn with plates and to carry out the systematic parametric study. The design
values of the Pyramidal rectangular horn are borrowed from Balanis [4].

Also, an E-plane horn is fabricated with two sets of conductive plates. Holes
were drilled onto the horn surface so as to hold the conductive plates using screws. The
diameters of the screws used were 0.21844 cm. Two sets of conductive aluminum plates
were designed and fabricated.

In this chapter, the simulation results of the fabricated horn antennas are

compared with their measured results obtained in the Antenna laboratory at the
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University of Manitoba. The fabricated antennas were tested for the far-field radiation
patterns using the equipment in the Far Field- Anechoic Chamber in the Antenna
Laboratory. The measured results are compared with their simulated results. It is found

that a good agreement is achieved between them.

4.2 Pyramidal Horn design.

The dimensions of the horn design to be simulated are in terms of 1 and are
a=0.8382 4, b=0.3725 1, where a and b are the inner dimensions of the waveguide to the
horn, a;=6.0021, b=4.7154 and pe=py=10.0051, where a; and b; are the inner
dimensions of the rectangular aperture. p. and py are the distance between the horn
aperture and waveguide from both directions (E and H-plane) respectively as shown in

figure 4.1.

Figure 4.1: E-plane view of Rectangular Horn Antenna [4].
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The design frequency for the horn is in X-band (10 GHz). Therefore, their
respective wavelength A4 is 3cm. Using these dimensions; the rectangular pyramidal horn
was modeled and simulated in HFSS. The field accuracy in HFSS was set to 2% and
convergence rate to 0.02.

The Far-field radiation pattern shown in figure 4.2 is obtained from the simulated
results of the modeled Pyramidal Rectangular horn antenna. The achieved gain was about
22dB for this design. The Far-field patterns were normalized in order to closely study the

sidelobe characteristics.
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Figure 4.2: Far-Field pattern of Rectangular Horn Antenna without plates a=0.8382 A,

b=0.37254, a;=6.002 4, b;=4.715 A and p.=p,=10.0051
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Figure 4.2 shows the first sidelobe for this design occurring at -9dB below the
main lobe in the E-plane of the field pattern. As discussed in the previous chapter, for a
rectangular aperture, the first side lobe generally occurs at -13dB. The reason for the loss
in 4dB in the sidelobe is due to phase error in the pyramidal horn aperture. The cross-

polarization is for both E and H-planes are well below -30dB.
4.3 Parametric Study

Considering, two conductive plates are symmetrically introduced across the Horn
aperture to obtain the Two-step Staircase distribution in chapter 2, some important plate
parameters affecting the Field patterns would be

a) Thickness of the plates (t).
b) Size of Central aperture (B).
¢) Throat gap near the waveguide (d).

d) Length of the plates (1).

d Throat
gap
B
Cantral
Apsnure

I Plate Length

N

Figure 4.3: Geometry of two plate septum horn antenna
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Most of the above defined parameters are related to the parameters used in the
study of Two-step Staircase distribution in Chapter 2. The parameter ‘B’, size of the
central aperture is directly similar to the parameter B used in the chapter 2 and is also
represented in terms of A . The combination of parameters ‘I’ and‘d’ will represent the
ratio parameter of a1 and @2 from Chapter 2.

Therefore, by varying these parameters a systematic study is carried out on the
Pyramidal horn antenna using Ansoft’s HFSS. The rectangular horn has flare on both
directions and therefore the conducting plates will also taper down according to the horn
flare.

a) Thickness of the plate (t):

The first parameter analyzed is the thickness of the conductive plates. The horn
design is the same as the one modeled earlier in this chapter except for the two plates to
be introduced across the aperture. Initially, the lengths of the conductive plates are
similar to the horn flares; therefore they will originate from the waveguide and move on
till the aperture of the horn.

Let us place the two plates across the aperture in such a way that they divide them
in a binomial distribution, i.e. the aperture of the horn is divided into three apertures and
the central aperture has twice the area of the two adjacent apertures. This assumption is

carried out from Chapter 2. The initial assumed value of B is 2.35751 The plates are

placed near the waveguide such that Throat gap d=0.05¢cm and 1=10.005 1.
Using these initial assumptions, the parametric study is conducted by varying the
thickness of the plate. Initially, the thickness of the plate is assumed to be 0.05cm and is

varied until about 3cm. The pyramidal horns with the corresponding thickness of the
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conductive plates are modeled and simulated using Ansoft’s HFSS. The results from the
simulation are shown in figure (4.4) with respect to the parametric changes in‘t’. The E-

plane field patterns are normalized as to study the sidelobe characteristics of the horn.
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Figure 4.4: Simulated Secondary Patterns for parametric changes in’t’ from 0.05 to 0.3,
B=2.3575A,1=10.005 2 and d=0.05cm.

From figure (4.4), it is evident that the thickness of the plate is not a major
parameter in the influence in the Field patterns. Only after t = 0.3cm the pattern seems to
detoriate, it is also important to mention here that if the plate is too thick than it will
block the power flow into the horn. Therefore for the rest of the parametric studies, let us
assume the thickness of the plate to be 0.1cm. Also, it is noted here that only the E-plane
patterns are compared in the simulated analysis has the plates do not affect the H-plane

patterns of the horn.
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b) Size of Central Aperture (B):

For the next part of the parametric study, the design is modeled with plate
thickness 0.1cm. In this study, we simulate different cases by moving the plates across
the horn’s rectangular aperture i.e. Central Aperture B. The movement of the plate is
measured by the distance between the conductive plates in terms of 4. The simulated
results in figure 4.5 are when parameter B is varied from 2 to 3 1. This study is very
similar to the parametric study of Two-step distribution in chapter 2 except for the exact

specified values of ] and«2 . Throat gap is 0.05cm and 1is 10.005 4 .
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Figure 4.5: Simulated Secondary Patterns for parametric changes in’B’ from 2 to 3 A,

[=10.005 A, d=0.05cm and t=0.1cm.
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From the figure 4.5, we obtain similar results as the one from the parametric study
in Chapter 2. Excellent Far-field characteristics are obtained when the plates are placed
around 2.3575A. The first side lobe occurs at around -20dB for this case and an
improvement of 11dB from the general horn antenna pattern shown in figure 4.2 is
achieved. There is a huge improvement of the sidelobes on the E-field pattern and also

the rest of the characteristics are not drastically affected.

¢) Throat gap (d):

Now let us assume B=2.35754 , t=0.lcm and move onto the next parametric
study where we vary the Throat gap (d) near the waveguide. In the earlier cases, d was
assumed to be 0.05cm and therefore let us slowly increase‘d’ from this assumption and
study its effect on the E-field pattern. This parametric study will indirectly relate to the
study of the ratio parameters «l ande2 in Chapter 2. ‘I’ is assumed again to be
10.005 4. Figure 4.6 shows the resultant E-field pattern when the Throat gap is varied
from 0.04cm to 0.25cm.

From figure 4.6, it is obvious that when‘d’ is greater than 0.15cm; the resultant
Far-field pattern is drastically changed. The main lobe is altered and higher sidelobes
occur due to phase errors. Therefore it is not beneficial to move the plate too far away
from the horn flares. This practically makes sense because when the throat gap is large,
more power will flow into the two adjacent apertures rather than the central aperture.
This will effect the near field distribution in the horn aperture by increasing the

parameter 2 and uniform distribution occurs.
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Figure 4.6: Simulated Secondary Patterns for parametric changes in’d’ from 0.04 to

0.25cm, B=2.3575 4 , 1=10.005 A and t=0.1cm.

Also, to achieve excellent characteristics the optimum ratio a1/a2 should be in-
between 1.5 to 2.5 as discussed in Chapter 2. Therefore, let Throat gap d be

approximately around 0.05cm for improved results in the E-plane Far-field.

d) Length of the plate (I):
Now, let us vary the parameter length of the plates. Its combination with Throat
gap parameter d will give us the similar relation as the ratio parameters 1/ 2 .The Plate
length was assumed as 10.0051 for the earlier cases i.e. they originated from the

waveguide till the aperture of the horn. For this part of the study, let us decrease the
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length of the conductive plates in terms of A4 from the waveguide end and study its effect
on the Field pattern. Throat gap d is 0.05cm, t=0.1cm and B=2.3575 1 for the entire
study. The length of plate (1) is varied from 10.0054 to 7.505A and its resultant

simulated E-field patterns are shown in figure 4.7.
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Figure 4.7: Simulated Secondary Patterns for parametric changes in plate length l is
varied from 10.005 A to 7.505 A ,B=2.3575 2 ,d=0.05¢m and t=0.1cm.

The obtained patterns in figure 4.7 look promising especially when the plate
lengths are around 9.005Ato 8.005 4. As established before the relationship between
parameter L and parameter d would be similar to the ratio parameters of «l/a2.

Therefore, further investigation is necessary to study the affect of these

combinational parameters to obtain an optimum result for this type of horn antenna.

82




Let us carry out a similar parametric study for individual cases of parameter |

ranging from 9.005 Ato 8.005 4. The only difference being that for each of these cases

Throat gap d will be varied like its parametric study.

e) Varying Throat gap when 1=9.005 /1 :

The plate length is 9.005 A4 i.e. about 1 A reduced near the waveguide, t=0.01,

B=2.35754. ‘d’ is initially assumed to be 0.05cm and is gradually increased. The

resultant simulated Field patterns in figure 4.8 are cases when d is varied from 0.05cm to

0.3cm.
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Some interesting results are obtained from figure 4.8. Improved field patterns are
obtained when d is in-between 0.1 and 0.15cm. The first side lobe level occurs around or
below -20db for these cases. As expected when d is increased to more than 0.25cm the

field patterns detoriates and higher side lobes occur.

f) Varying Throat gap when 1=8.505 1 :
The same study is repeated except now the plate length is 8.505 A i.e. about
1.5 reduced from the waveguide. Figure 4.9, shows the simulated resultant field pattern

when Throat gap d is varied from 0.0Scm to 0.3cm.
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Figure 4.9: Simulated Secondary Patterns for parametric changes in‘d’ when [ = 8.505 ),

B=2.3575A and =0.1cm.
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Improved results are achieved when d=0.1cm .The First side lobe occurs at
around -25dB for this case but the second sidelobe is higher. With relation to the earlier
case it is obvious that at d=0.1cm and 0.15cm, better results are obtained in this field

pattern.

g) Varying Throat gap when 1=8.005 1 :
The plate length is considered about 8.005 A i.e. about 2.1 reduced near the
waveguide. Similar study is repeated and ‘d’ is varied from 0.05cm to 0.3cm. The

resultant simulated field pattern in shown figure 4.10.
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At d=0.1cm, the first side lobe is below -20db in figure 4.10. It should also be
noted that at the case d=0.3cm, the side lobes do not detoriate as the initial cases for this
study when 1=9.005 A . The reasoning behind this could be because of the increase in area
between the lower plates has the plate length decreases. So the closer they move towards
each other, the field pattern is affected drastically.

The above three systematic study gives us a better insight about the effect of the
parameters 1 and d on the Far-field pattern. Optimum result was obtained when 1=8.005 1
and d=0.1cm. The sidelobe envelope of the E-field pattern occurs below -20dB for this
case. This is an improvement of 11dB from the first sidelobe level of the general
pyramidal rectangular horn antenna. The results are comparable to the study of Two-step

Staircase distribution in Chapter 2.

4.3 Near Field Study:

The pararﬁetric study of pyramidal horn with conductive plates has provided us
valuable information regarding the working principle for this type of antenna and verified
the aperture theory study in Chapter 2. The far-field characteristics and their side lobe
characteristics were extensively analyzed in this study for a pyramidal rectangular Horn
antenna.

It is important to look into the Near-field patterns of the modeled antenna to
support the Two-step Staircase distributions and its parameters in Chapter 2. The Near-

field patterns across the aperture of the antenna can be generated using Ansoft’s HFSS.
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Only few of the above analyzed cases are considered to discuss the Near-field to verify

the theory from Chapter 2.
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Figure 4.11: Near-Field pattern (Magnitude and Phase) of Pyramidal Horn Antenna

without plates.

Figure 4.11 shows the magnitude and phase pattern of the antenna without any
plates. The patterns are plotted with respect to the aperture dimension in cm
(4.715 A=14.145cm). It is obvious to note from the normalized magnitude pattern that
uniform field distribution occurs throughout the aperture. The uniform field across the
aperture causes the higher sidelobes in the E-field of the horn. The field in figure 4.11 has

some minor ripples instead of total uniformity and some asymmetry. This may be caused
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due to the error percentage in the simulations using HFSS. The field accuracy was set to
2% and with a convergence rate of 0.02..Even with the increase in accuracy and
convergence rate, similar results were achieved.

The phase plot in figure 4.11 has the phase at -170 at the center of aperture and
around 110 near the ends of the aperture. The phase Jumps from -180 to 180 in the plot
because of the phase cycle. Therefore, between the edges to the centre of the aperture

there is a phase change of 80°.
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Figure 4.12: Near-Field pattern (Magnitude and Phase) of Horn Antenna with two
conductive plates (B=2.3575 A, d=0.01cm, 1=8.005 1)
The magnitude and phase pattern of the antenna with two conductive plates with

parameters B=2.351, d=0.01cm, 1=8.005 4 is shown in figure 4.12. This design resulted
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in one of the best achieved patterns. As seen the magnitude plot there exists some
asymmetry and this could be caused due to the simulation error in the software. The
magnitude plot is similar to a Two-step Staircase distribution defined in Chapter 2. The
change in the field distribution is exactly similar to the parameter B (2.35 41=7.0725cm).
The field plot confirms the theory that the conductive plates alter the uniform distribution
to a two-step distribution, hence resulting in improved results at the Far-field pattern of
the antenna.

The phase plot is very similar to the previous case and the phase change between
the edges to the centre is about 75°.The plot is broader than the previous discussed case.

The near-field study confirms the theory about the effect of the plates on the
uniform field at the aperture. The field obtained in figure 4.12 is very similar to the Two-
step Staircase distribution introduced in Chapter 2. This validates the parameters

established in the parametric study of Chapter 2.

4.4 Septum Horn Antenna with four conductive plates:

In chapter 3, Cosine and Cosine-square distribution was synthesized using Two
and Three-step Staircase distributions. The Three-step Staircase distribution means
practically four conductive plates have to be introduced into the horn aperture. The only
limitation of introducing four or more plates into the aperture will results in impedance
problems near the waveguide.

From the synthesis of Cosine-square distribution in chapter 3, an optimum result
was obtained when B=31, C=1.51,a1=0.2,a2 =0.5,a3=0.2. C will be the distance

between the two new conductive plates introduced in the aperture. The throat gap
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parameter d was assumed as 0.lcm and the similar parameter for the new plate was
assumed as 0.2cm. Using, these design parameters, four conductive plates were
introduced and the antenna was modeled in HFSS.

Figure 4.13 shows the far-field characteristics for the antenna with four
conductive plates. A first sidelobe around -22dB is achieved. This result is not very
similar to the first sidelobe of -32 dB achieved in the synthesis of Cosine-square
distribution due to phase errors in the horn antenna design. This antenna design has

excellent characteristics with low-cross polarization.
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Figure 4.13: Far-Field pattern of Rectangular Horn Antenna with four

conductive plates A=4.74,B =31, C=1.54, al=0.2, a2 =0.5, a3 =0.2.
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4.5 Antenna Measurement Results:

An E-plane horn antenna with two sets of conductive plates was designed and
fabricated at the University of Manitoba. The dimensions of the horn are: a=2.286¢cm,
b=1.016cm (waveguide WR90), a;=2.286¢m, by= 3.81cm, p.=10.16cm (E-plane). Copper
was used to fabricate the horn. Multiple holes were drilled in the horn flare to hold the
conductive plates. The holes were drilled to hold a screw of diameter 0.21844 cm. The
design frequency was 10 GHz. The dimensions are different than the one discussed in the
previous pyramidal horn design.

Two sets of conductive aluminum plates were fabricated. The length of one pair
of the plates was L;=10.16cm. The other pair had the length L, =7.62cm (3/4 L). Holes
were drilled in the plates on both the sides and near the edges to hold the screws. The
designed plates had a thickness of 0.3175cm. The thickness of the plates used in the
parametric study of pyramidal horn was 0.1cm. The reason for using a thicker plate was
because of the availability and time considerations to make the thinner design. When the
thickness of the plates was greater than 0.3 cm, the simulated results were not desirable.
Therefore, to limit the thickness the plates were sharpened at the edges. The plates were
exactly filed from 0.635cm to the tip. The thicknesses of the tips were 0.1397cm in all the
plates and on both sides.

The holes were drilled in such a way that for both the plates d =0.1cm. Multiple
holes were drilled near the horn radiation aperture so as to vary the length between the

plates (B).
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Figure 4.14: Fabricated E-plane Horn Antenna with 2sets of Aluminum plates
a=2.286cm, b=1.016cm, a;= 2.286cm, b;=3.81cm, p,=10.16cm.

The fabricated antennas with plates placed across the aperture were tested for far-
field radiation pattern using the equipment in the Far Field Anechoic Chamber in the
Antenna laboratory. Many cases were tested but primarily three measured results for the
far field radiation patterns are discussed in the following sections. The three cases are

1. E-plane Horn without any plates

2. E-plane horn with two aluminum full plates (L;=10.16cm ,d=0.1cm,B=1.76cm)
3. E-plane horn with two aluminum % plates (L, =7.62cm ,d=0.1cm,B=1.76cm)
Their measured results are compared with their simulation results. The E-plane horn

was also modeled and simulated using HFSS for all the above discussed cases. It is
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found that a good agreement is achieved between them. The measured results validate the
simulated results.
a) Case 1: E-plane Horn without any plates
The E-plane horn is tested without any plates in the aperture. The measured E-
fields with comparison to its respective simulated results are shown in figure 4.14. The
measured and simulated E-field plots have good agreement. There is a small noticeable
shift of 1.5 dB at the first sidelobe between them. Both have typical characteristics of

uniform distribution with -13dB sidelobes.
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Figure 4.15: Comparison of Simulated and Measured E-co and E-cross pattern for the
Fabricated E-plane Horn Antenna without any plates a=2.286cm, b=1.016¢cm, a;=

2.286cm, b;=3.81cm, p.=10.16cm.

93




The cross-pol pattern for the measured data shows about 23.25dB below the main
lobe of the E-plane pattern. The simulated data shows better results. Another important
factor to note is the non-existence of any kind of ripples in the simulated E-field pattern.
The convergence was set to 0.02 and field accuracy to 2% during the simulation. There
wasn’t any change in the sidelobes for lower convergence and accuracy values. There is
a small increase in first sidelobe level in the simulate pattern when compared to the

measured pattern in the E-plane.
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Figure 4.16: Comparison of Simulated and Measured H-co and H-cross pattern for the
Fabricated E- Horn Antenna plates a=2.286¢cm, b=1.016¢cm, 2.286¢cm, b;=3.81cm,
Pe=10.16cm.
The measured H-field results with comparison to its respective simulated fields

are given in figure 4.15. The measure cross-pol is 22.5 dB below the measured H-plane.
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The H-plane simulated results have good agreement with the measured results with
approximately 1dB increase at the peak. The measured S11 and Return loss for this

antenna for a frequency bandwidth of 9.5-10.5 GHz is shown in figure 4.17. The
respective E-co pattern is shown in figure 4.18.
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Figure 4.18: Measured E-co pattern for Fabricated E- Horn Antenna without plates for

(9.5 t0 10.5 GHz) a=2.286¢m, b=1.016cm, 2.286cm, by=3.81cm, p,=10.16cm.

b) Case 2: E-plane horn with two plates (L;=10.16cm, d=0.1cm, B=1.76cm)

The E-plane horn is tested with two conductive aluminum plates. The plates are
arranged in such a way that they have a throat gap of 0.lcm and separate the horn
aperture exactly by 1.76cm. From figure 4.16, it is obvious that there is a shift in the
simulated E-co pattern. The peak does not occur at 0° and there exists considerable

asymmetry in the measured results.
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Figure 4.19: Comparison of Simulated and Measured E-co and E-cross pattern for the
Fabricated E- Horn Antenna with two full length conductive plates a=2.286¢m,

b=1.016cm, 2.286¢cm, by=3.81cm, p.=10.16cm, L;=10.16cm, d=0.1cm and B=1.76cm

The sidelobe formulation is ambiguous. The simulated E-co pattern has a first
sidelobe of -28dB occurring around 90°. The measured E-co pattern is more complicated
has it looks like the first side lobe has merged with main lobe at around 60°. But if we
consider the first sidelobe with respect to the Simulated E-co pattern, than we can
consider the first sidelobe near 75°. This will give a first sidelobe of about -28dB exactly
similar to the simulated result. The Measured and simulated H-cross pattern are well

below 20dB to the H-plane pattern.
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Figure 4.20: Comparison of Simulated and Measured H-co and H-cross pattern for the
Fabricated E- Horn Antenna with two full-length conductive plates a=2.286cm,

b=1.016cm, 2.286¢cm, by=3.81cm, p,=10.16cm, L;=10.16cm, d=0.1cm and B=1.76cm.

The H- co measured pattern looks very similar to the H-co simulated pattern. The
cross patterns are also well below 20dB than their respective H-co patterns for both the
measured and simulated cases. The measured S11 and Return loss for this case for a
frequency bandwidth of 9.5-10.5 GHz is shown in figure 4.21. The respective E-co
pattern 1s shown in figure 4.22. There is a shift in the E-co pattern for different cases of

the patter.
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Figure 4.22: Measured E-co pattern for (9.5-10.5 GHz) Fabricated E- Horn Antenna
with full plates for (9.5 to 10.5 GHz) a=2.286¢cm, b=1.016cm, 2.286¢m, b;=3.81cm,

pe=10.16cm L;=10.16cm, d=0.1cm and B=1.76cm.

¢) Case3: E-plane horn with two plates (L, =7.62cm, d=0.1cm, B=1.76cm)

The E-plane horn is tested with two conductive plates with length 7.62 cm placed

across its aperture symmetrically. The throat gap is set by the holes drilled in such a way

that the plates are placed 0.1cm from the horn flare.
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Figure 4.23: Comparison of Simulated and Measured E-co and E-cross pattern for the
Fabricated E- Horn Antenna with two % length conductive plates a=2.286cm,

b=1.016cm, 2.286¢cm, by=3.81cm, p.=10.16cm, L, =7.62cm, d=0.1cm and B=1.76cm.

Both the simulated and measured results have excellent agreement in the E-co
pattern. They are almost similar except for the sidelobe ripples in the measured data. The
first sidelobe level occurs -25dB below the main lobe. E-cross below 20dB is achieved
from the main E-co plot.

The simulated H-co plot is slightly higher at the peak value than the measured E-
co plot. But the case reverses as we move away from the centre. The H-cross plot is

below 20dB to the H-co for both the plots.
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Figure 4.24: Comparison of Simulated and Measured H-co and H-cross pattern for the
Fabricated E- Horn Antenna with two % length conductive plates a=2.286¢m,

b=1.016cm, 2.286cm, b;=3.81cm, p,=10.16cm, Ly =7.62cm, d=0.1cm and B=1.76cm.

The comparison of simulated E and H-cross and measured E and H-cross is
difficult in most of the cases as they are both well below 30dB and the accuracy of the
software is 2%. Therefore, the error increases in plots below 20dB considerably. It is
also noted that case 2 was measured for an angle of rotation between -90° to 90°.In the
plots of the measured results where the angle is between -150° to 150°, the measured data
after -120° till -150° and 120° till 150° will have major drop off or inaccurate values. This
occurs because the design antenna which works as a receiver in the anechoic chamber

moves out of range from the transmitting antenna range.
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The measured S11 and Return loss for this case for a frequency bandwidth of 9.5-
10.5 GHz is shown in figure 4.25. The respective E-co pattern for this range is shown in

figure 4.26.
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Figure 4.25: Measured Return loss Fabricated E- Horn Antenna with full plates for (9.5
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Figure 4.26: Measured E-co pattern for 9.5-10.5 GHz
Fabricated E- Horn Antenna with two % length conductive plates a=2.286cm,

b=1.016cm, 2.286¢cm, by=3.81cm, p,=10.16cm, Ly =7.62cm, d=0.1cm and B=1.76cm.

4.6 Summary

Chapter 4 discussed in detail a parametric study of the pyramidal septum hormn
using Ansoft HFSS. This study was conducted using the theory from Chapter 2 and the
introduction of Two-step Staircase Distributions. From this study, the effect of the

parametric changes in the plates on the field characteristics was investigated and the
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optimum parametric values were noted. For the pyramidal horn design, the optimum
ranges of the plate’s parameter are.

e Throat gap =0.05-0.15cm

e Central Aperture=2.31-2.41

e Length of plate= 8.0051-9.505 4

o Thickness of plate = 0.05-1.5cm

The Field characteristics of the rectangular pyramidal antenna were studied with
respect to these parameters and a first sidelobe of -20dB was obtained. This is an
improvement of 11dB from the pyramidal horn without any plates. Also, the near field
was generated for a few cases from HFSS and was compared with the Two-step staircase
distribution from Chapter 2. The theory of step function amplitude distributions
introduced in Chapter 2 was validated by this comparison. The parameters established in
Two-step Staircase distribution were verified. Therefore, using the study and parameters
in chapter 2 it is possible to achieve the desired radiation pattern on the septum horn
antenna. The synthesized parameters from the Cosine-square distribution were used to
model a four plate pyramidal septum horn. A first side lobe of -22dB was achieved for
this case

An E-plane horn was designed and fabricated in University of Manitoba. The
antenna was tested in the antenna laboratory and its measured results were compared to
the simulated results. This comparison also verifies the accuracy of the simulation

software. A good agreement between the simulated and measured results was obtained.
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Chapter 5

Conclusion

In this thesis the performance of pyramidal septum horn was investigated. A
detailed parametric study was conducted on the effect of the plates on the horn antenna
and on its far field characteristics. This study provided optimum parameters and a better
insight into its working principle. Using the aperture theory, uniform amplitude
distributions across the aperture were studied and simplified equations were deduced for
generating the secondary patterns. The effect of the plates on the uniform distribution
across the horn aperture was deduced and a Two-step Staircase distribution was
introduced.

A correlation was achieved between the parameters from the Two-step Staircase
distributions and the physical parameters of the plates introduced into the pyramidal horn
(septum horn). Using aperture theory, an extensive study about the effects of the
parameters from the Two-step Staircase distribution on the secondary pattern was carried
out. This study provides the optimum parameters in the Two-step Staircase distribution
which will enhance the respective field distribution of the antenna. Therefore, we can
directly characterize the position or type of plates in the horn aperture and its effect on
the radiation properties.

Also, many desirable distributions like Cosine, Cosine-square and Taylor with
enhanced field characteristics were synthesized using the Two-step and Three-step
Staircase distributions and their parameters were used in the pyramidal septum horn to

achieve improved field patterns. This synthesis technique provides the range of
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parameters for enhancing the field characteristics of the septum horn, but more
. Importantly it is a simple technique which can be used to synthesize any other
distribution to acquire its desirable properties.

The optimum parameters from the Two-step Staircase distribution study were
used as initial assumptions in the parametric simulation study of the septum pyramidal
horn. The simulations were carried out using Ansoft’s HFSS. The computed results from
the simulation were comparable to the results from the amplitude distribution study. The
simulation systematic study imposed the actual range of parameters for optimum
characteristics. The optimum parameters provided significant improvements in the
sidelobes of the respective antenna secondary patterns. A first sidelobe of -20dB was
achieved for the case when B=2.35751, L=8.0051 and d=0.1cm in the septum horn
with two symmetric plates across its aperture. This is an improvement of 11dB compared
to the first sidelobe level achieved by the pyramidal horn without any plates.

The synthesized parameters from the Cosine-square distribution using Three-Step
staircase method were introduced in a 4-plate pyramidal septum horn. Using HFSS, a
first sidelobe of -22 dB was achieved compared to the actual -32 dB from the synthesis.

Furthermore an E-plane horn was fabricated and measured from the Antenna
Laboratory. The measured Far-field results were compared with the simulated Ansoft
HFSS computations; the measured results showed good agreement with the

corresponding simulation results. This validates the accuracy of the simulation software.
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APPENDIX A

Secondary Pattern Characteristics produced by Various Types of

Aperture Distributions [3]
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APPENDIX B

List of Notations

Rectangular Coordinates

Spherical Coordinates

Dimensions of Rectangular Aperture
Cosine Fresnel Integral

Sine Fresnel Integral

Current and Magnetic Source

Current and Magnetic Vector Potential

Outward Normal to the Aperture
Wavenumber

Wavelength

Field over the Aperture
Secondary Pattern
Resultant Secondary Pattern

Phase error term in x direction

Parameters of Two-step Staircase distribution

Parameters of Three-step Staircase distribution
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