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ABSTRACT

NEAR-CONSTANT BEAMWIDTH WIDEBAND HORN ANTENNA DESIGN

The use of horn antennas is increasing because of their need in wideband, and high gain
antenna applications. Beamwidth constancy along the wideband becomes particularly
important and necessary in applications such as direction finding (DF) and reflector
antenna feeds. We propose a design methodology for near-constant beamwidth, wideband,

corrugated double ridged horn antenna over 4:1 frequency band in this thesis.

In this study, the beamwidth constancy is not restricted to a single-plane or to a
symmetrical geometry antenna which has a limited bandwidth (BW) ratio of 2:1. Rather,
we aimed to design a rectangular horn with constant beamwidths at both azimuth and
elevation planes from 4.5 to 18 GHz. We first design X-band standard gain horn antenna
(SGHA) to understand the characteristics of horns and a conventional double ridged horn
antenna (DRHA) to use it as a reference for beamwidth variation of wideband horns
through the operating band. We also investigate the root causes that impede the antenna
from constant beamwidth along wideband, and the requirements to achieve the beamwidth
constancy. We first modify the DRHA to design near-constant beamwidth wideband horn
antenna (NCBWHA), and then use structures called “pinwall” and “stepped-shape
corrugated slot”, which are implemented in H-plane sidewalls and in E-plane walls,
respectively. We derive the input admittance of a new step-shaped slot, and then determine
the bandwidth by comparing to conventional corrugations. The proposed corrugation
presents wideband characteristics with a BW ratio of more than 4:1. We also designed a
broadband double ridged waveguide-to-coaxial (rwg-to-coax) adapter to match the antenna
impedance to 50 Q.

After the design is completed in simulations, two different prototypes of antennas are built
which are coax-fed curved pinwall DRHA and NCBWHA.. The radiation pattern and other
parameters of manufactured antennas are measured using a commercially available near-
field system. We observe that the measurement results corroborate with simulation ones
fairly well. The proposed antenna in this study has 4:1 wideband characteristics with
31.0°£2.5° in H-plane and 37.4°+5.2° in E-plane 3-dB beamwidths.



OZET

SABIT HUZMELI GENiS BANTLI HUNI ANTEN TASARIMI

Genis bantli ve yiiksek kazangli anten uygulamalarinda huni antenlere olan ihtiyag
nedeniyle s6z konusu antenlerin kullanimi artmaktadir. Genis bant boyunca hiizmenin sabit
kalmasi, 6zellikle yon bulma (DF) uygulamalar1 ve yansiticili anten beslemeleri gibi bazi
alanlarda 6nemli ve gerekli hale gelmektedir. Bu tezde, 4:1 bant genisligi oranini saglayan,
yaklagik-sabit hiizmeli, genis bantli, oluklu, ¢ift mahyali horn antenin tasarim ydntemi

aciklanmistir.

Bu calismada sabit hiizme 6zelligi yalnizca tek bir diizleme ya da bant genisligi 2:1
orantyla sinirli simetrik geometrili bir antene sinirlandirilmamistir. Onun yerine, 4.5 — 18
GHz bandinda, hem yatay, hem diisey eksenlerde sabit hiizme 6zelligi gosteren dikdortgen
huni anten tasarlanmustir. Oncelikle, huni antenlerin karakteristigini anlamak icin X-bant
standart kazancli huni anten (SGHA) ve genis bantli huni antenlerin ¢calisma bandi boyunca
hiizme degisiminine referans olmasi i¢in klasik ¢ift mahyali huni anten (DRHA)
tasarlanmistir. Genis bant boyunca antenin sabit hiizmeli olmasini engelleyen sebepler ve
sabit hiizmeli olmas1 igin gerekenler arastirilmistir. Ik olarak DRHA modifiye edilmis,
ardindan H-diizlem yanduvarlar1 i¢in “gubuk”lar, E-diizlem duvarlar i¢in ise “basamakli
oluk”lar kullanilarak NCBWHA tasarlanmistir. Yeni oluklarin giris admitans denklemleri
cikartilmis ve bant genisligi grafigi klasik oluklar ile karsilagtirmali olarak verilmistir.
Onerilen yeni oluk 4:1 oranindan daha biiyiik bir bant genisligi sunmaktadir. Bu arada, 50
Q empedans uyumunu saglayacak sekilde dalgakilavuzu-koaksiyel adaptor tasarimi da

yapilmistir.

Anten tasarimi sirasinda elde edilen basarili simulasyon sonuglarindan sonra tasarlanan
antenlerden iki tanesi iretilmistir. Uretilen antenlerin 1sima diyagramlarn ve diger
parametreleri mevcut bir yakin alan &lgiim sistemi ile dlciilmiistiir. Olgiim sonuglarmin
simulasyonlar ile uyumlu oldugu goriilmiistir. Sunulan genis bantli anten, 4:1 bant

boyunca, H-diizlemde 31.0°+2.5°, E-diizlemde 37.4°£5.2° 3-dB hiizme genisligine sahiptir.
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1. INTRODUCTION

1.1. PROBLEM STATEMENT

Frequency bandwidth requirements for continuously increasing countermeasure
applications, direction finding (DF) systems, and reflector antennas lead to the
development of broadband, high gain and constant beamwidth antennas. Microwave and
millimetre wave remote sensing, electromagnetic compatibility testing, accurate antenna
measurements, electronic warfare (EW), and radar systems are all application areas where

broadband horn antennas are widely used.

The conventional horn antennas have well-known properties such as high gain, ease-to-
construct, low voltage standing wave ratio (VSWR), well-shaped beam, relatively stable
phase center and adjustable beamwidth. However, these properties may not be sufficient
for some applications such as wideband reflector antenna feeds and certain DF systems

based on amplitude comparison.

As horns are used on their own, they are often used as a primary feed for reflector antennas
which are the first choice in many applications such as radio astronomy, point-to-point
communications or any applications that require high gain, low side lobes, and high-
performance directional antennas. The properties that are important for the feed antenna in
reflector antenna design are radiation pattern, VSWR, location of the phase center, and the
frequency dependence of these properties. The way to design a highly efficient, low side
lobe level, wideband reflector antenna is that the feed of the reflector should be broadband,
and the phase center should not change too much along the frequency band. The

performance of the feed directly affects the performance of the reflector.

Although different DF techniques require several antenna elements and systems, wide
bandwidth and pattern stability are usually the desired features. The magnitudes of the
signal captured by various adjacent antennas of an array are compared to determine the
direction of transmission of the signal in many DF applications, i.e. amplitude comparison.
The performance of such a DF system is limited by signal to system noise ratio (SNR),

antenna pattern stability, and receiver channel stability [1]. Besides the properties like



input VSWR and boresight gain, the 3-dB beamwidth constancy is also important for DF
applications because this affects detection sensitivity [1]. Thus, it is desirable to use an
antenna that should provide a relatively high gain with a constant half power beamwidth
(HPBW) over a wide frequency range to obtain accurate bearing information, and to meet
the requirements of broadband DF systems. The crossing level for beams coming from
adjacent horns must be at the same point along the frequency band regardless of the fact
that the beamwidth obtained from an aperture type antenna is inversely proportional to the

aperture physical dimensions of the wavelength [2], [3].

Note that it is also possible to use sinuous/spiral and log-periodic type frequency-
independent antennas for wideband reflector antenna feeds and DF systems. Spiral
antennas are frequency-independent and they are low-gain antennas with high back lobes.
The gain varies between -6 dBi and 6 dBi depending on the diameter of the antenna. It is
possible to lower the back-lobe levels, and to increase the antenna gain by forming a cavity
with the metal surface behind the antenna. However, the distance to the metal surface
behind the antenna will vary along the frequency band in terms of wavelength, thus the
gain increase will be in very narrow band, and will cause ripple in the antenna pattern
outside that region. Therefore, the purpose of using the metal cavity behind the antenna is
not to increase the gain along the wideband, but rather to reduce the back-lobe levels. The
distortions that may occur in the radiation diagram of the antenna with reflections from the
metal surface can be prevented using absorbing material in the cavity [4], [5]. Additionally,
the spiral antenna has a constraint in polarization, and it can be designed only right hand or
left hand circular polarized. Thus, if linear polarization is desired, then the gain will fall
approximately 3 dB. Furthermore, it is not possible to change the beamwidths of the

antenna patterns.

Sinuous antennas are also similar to spiral antennas in terms of gain, bandwidth, power
strength, and radiation pattern characteristics. Sinuous antennas are generally designed to
radiate in one direction by adding a cavity structure to the back of the antenna as in the
spiral antenna. The biggest difference between sinuous and spiral antennas is their
polarization capabilities. In sinusoidal antennas, there are two ports, which are
perpendicular to each other (one port is for horizontal polarized waves and the other one is
vertical polarized signal, or one port is for right hand circular polarized and the other one is

left hand polarized signal). Therefore, it is possible to receive the signal in all polarizations



which is an important feature for applications such as EW/DF systems. Reception of all
polarizations does not allow any signals in the system's range to be missed due to

polarization.

Log-periodic is extremely wideband antenna with higher gain than sinuous and spiral
antennas, but lower gain than horn antennas. The beamwidth of log-periodic antenna is
near-constant. However, log-periodic antenna consists of a number of half-wave dipole
driven elements of gradually increasing length, and the phase center of log-periodic
antennas varies along the frequency band too much due to position variation of active
regions at different frequencies [6]. The phase center variation causes extra spillover
losses, and lowers the radiation efficiency, and causes high side lobe levels when it is used
as a reflector feed. Furthermore, the physical dimension and coupling can be a problem

when positioning the log-periodic antenna in the array at low frequencies.

If a horn that provides the desired characteristics such as pattern stability and near-constant
beamwidth with the BW ratio of 3:1 or wider can be designed, then it will remove the
negative aspects of other wideband antennas. It should be noted that designing a horn
antenna offers more freedom and flexibility to the designer than designing spiral/sinuous
type or log-periodic antennas in terms of antenna parameters. Furthermore, horn antennas
allow independent control over azimuth and elevation beamwidths, which is important
since the beamwidths can be chosen to enable different numbers horn array systems to be

devised.

The radiation patterns and beamwidths of conventional horn antennas vary linearly with
frequency as shown in Figure 1.1. The beamwidth of the main lobe is inversely
proportional to the physical dimensions of the aperture in wavelengths because of the path
length differences. The difference increases with frequency, and it generates a phase
variation across the aperture that causes significant variation of radiation patterns with
frequency. The vital point of the wideband horn problem lies in the form of the
electromagnetic fields at the horn aperture. Flared horns had been originally designed to
have a similar aperture field distribution of open ended waveguide with a quadratic phase

error imposed [1].

If such a conventional horn has a narrow flare, then there is a nearly constant phase along

the aperture. Since the beamwidth depends on the dimension of the aperture measured in



wavelengths, the beamwidth also reduces when frequency is increased. Thus, large flare
horns are used to have a phase distribution across the aperture that increases with
successive frequency. The phase distribution causes a wider beam at higher frequencies,
and consequently the changes in the beamwidth are noticed to be less. However, the
radiation patterns of such horns still vary significantly with frequency.

Farfield Realized Gain Abs (Phi=0) Farfield Realized Gain Abs (Phi=90)
= farfield (f=4.5) — farfield (f=4.5)
0 — farfield (f=9) 0 — farfield (f=9)
\ — farfield (f=18) 4 S — farfield (=18)

-60 60 -60

90

120 5 N\ S/ a0

150 -150
180 180

Theta / Degree vs. dB Theta / Degree vs. dB

(@) (b)

Figure 1.1. Normalized (a) azimuth and (b) elevation beamwidth variations of double
ridged horn antenna (DRHA) from 4.5 to 18 GHz

Another significant problem in wideband horns is the higher-order modes. If the horn has
more than one mode present in waveguide, then the radiation pattern can vary significantly
with frequency, and degrade constant beamwidth property of the horn antenna. This is
because of the phase relation of the modes at the aperture mouth of the horn varies, and
changes in the field distribution at the aperture. The rectangular, circular or any shaped
metallic hollow waveguides cannot support Transverse Electromagnetic (TEM) waves, and
there is no cut-off frequency for waveguides that support TEM waves. On the other hand,
Transverse Electric (TE) or Transverse Magnetic (TM) modes have particular cut-off
frequencies that cause radiation of higher order modes as the frequency band expands.
These higher order modes deteriorate the antenna characteristic parameters, especially
pattern form and beamwidths.




Most of the studies of broadband, corrugated, or nearly constant beamwidth horn antennas
in the literature generally prefer cylindrical, conical or single-plane (mostly H-plane)
sectoral geometries. Cylindrical or conical geometries provide simpler analysis and
manufacturing due to their axial symmetry, and single-plane sectoral horns provides a
relatively simple design procedure. In this dissertation, we design a wideband rectangular
horn antenna with a constant beamwidth property in all planes that can also provide us

capabilities to obtain independent E- and H- plane radiation patterns.

1.2. PURPOSE

The aim of this dissertation is to design a NCBWHA, and to analyse the impact of design
parameters on the performance of an antenna. A design methodology to develop a new
type horn antenna that satisfies a constant beamwidth over an extremely wide frequency
range is proposed. The design objectives are constant azimuth and elevation pattern
beamwidths over the BW ratio of 4:1 (4.5 to 18 GHz), and better typical VSWR than a
ratio of 2.5:1. The intended H-plane half-power beamwidth (HPBW) is about 30 degrees

and the desired gain is more than 10 dBi along the frequency band.

The beamwidth of the pattern is defined as the angular separation between two identical
points on the opposite side of the pattern maximum [7]. Half-power beamwidth (or 3-dB
beamwidth) and 10-dB beamwidth are widely used ones. 10-dB beamwidth term is usually
used in reflector antenna designs. Therefore, we are more interested in 3-dB beamwidth in
this dissertation. Since the aperture/wavelengths ratio varies with frequency change, the
directivity and the beamwidth of conventional horn antenna also change along the
operating frequency band. Thus, the classic horn antenna is not a frequency-independent
antenna and it is subject to the usual 1/f variation of beamwidth with frequency. In this
context, “near-constant beamwidth” does not mean that the beamwidth remains absolutely
constant. “Near-constant beamwidth” indicates that the designed antenna achieves almost-
constant beamwidth compared to frequency variance in the entire frequency band, and
breaks down the 1/f relation between frequency and beamwidth. It should be noted that
analytical solutions do not exist for the fields due to the complexity of boundary conditions
with these types of cross sections that are being studied in this dissertation. Therefore,

numerical analysis is also used to model corrugated walls and pinwall sidewalls along with



analytical derivations during the design and development of broadband structure

employing ridged waveguides with tapered ridges.

1.3. RESEARCH CONTRIBUTION

The main research contribution of this dissertation is to propose a design methodology for
double ridged horn antenna with constant beamwidth property, and to meet an antenna
requirement that have relatively high gain, wideband with a BW ratio of 3:1 or more,
stable phase center location, independent azimuth and elevation beam control and constant
beamwidth features. There are antennas that satisfy one or more of the above features,
however the contribution of this dissertation will be the design of an antenna that has all
the aforementioned properties at the same time. We make changes in geometries using
different structures such as pinwall (grid) and stepped-shape slot in flare walls of the horn
which form boundary conditions that directly affect the radiation diagrams of the antenna.
Curved pinwall sidewalls and novel corrugated slot geometry will be introduced into the
current state of the art antenna designs. A constant beamwidth will be achieved throughout
the bandwidth that has not been achieved so far with these new structures. Furthermore,
straightforward design procedure for DRHA will be presented starting from the ridged

waveguides.

1.4. OUTLINE

The problem statement, objective and scope of the dissertation are provided in Section 1.1,
Section 1.2 and Section 1.3, respectively. The rest of the dissertation is organised as

follows:

Chapter 2 presents background information about waveguides and ridged waveguides.
Since the horn antenna is a type of shaped and flared waveguide and the most important
reason of the deterioration of radiation patterns is the higher-order mode propagations, it is
necessary to understand the waveguide structure and the notion of modes. Furthermore, the
ridge waveguides are also discussed in this chapter because the bandwidth of conventional

rectangular waveguide and horn antenna can be improved using the ridges. Important



parameters such as impedance, BW, cut-off frequency, propagating higher-order modes,

field distributions are also defined and derived.

Chapter 3 presents information about the X-band standard gain horn antenna (SGHA) and
other double ridged horn antenna designs. The design procedures are explained and the
antennas are modelled and analysed using CST-Microwave Studio EM simulation software
program (full-wave 3D EM-solver). The bandwidths of the antennas, the frequency
dependence of beamwidth, and higher-order modes propagation are also examined. The
DRHA is designed to extend the operating frequency bandwidth because the designed
SGHA has relatively limited bandwidth, and it does not provide the target bandwidth
which is in the order of minimum 3:1 BW ratio.

The design of a constant beamwidth broadband horn antenna is detailed in Chapter 4. The
literature review on near-constant beamwidth wideband horn antenna (NCBWHA) has
been presented. The reasons of difficulty to achieve constant beamwidth along wideband
are given and ways to achieve the constant beamwidth are also investigated in this chapter.

The structures are implemented in the new type of DRHA design.

Chapter 5 presents the performance of the manufactured antennas. The antenna parameters
such as radiation patterns, gain and VSWR are measured in an anechoic chamber using
near-field measurement system in TUBITAK. The measured results from the manufactured
antennas are compared with the ones that are obtained in simulation to validate the design

approach and manufacturing tolerances.

Chapter 6 presents the discussion and conclusion of the presented work. The research

contribution of the dissertation is presented.

Chapter 7 presents the limitations of the proposed work and suggestions for future works.



2. BACKGROUND

In this chapter, theory of waveguides and ridged waveguides are presented and critical
parameters such as impedance, bandwidth, cut-off frequency, propagating and higher-order

modes, and field distribution in waveguides and ridged waveguides are defined.

2.1. WAVEGUIDES

The horn antenna is a type of shaped and flared waveguide, and the most important reason
for the deterioration of radiation patterns of horn antennas is the higher-order mode

propagation in the waveguides.

Waveguide is a type of transmission line that has an advantage of high-power handling
capability and low loss. A representation of rectangular waveguide is shown in Figure 2.1.
In this study, we will only focus on the rectangular waveguides because the horn antenna

we will design is rectangular.
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Figure 2.1. Geometry of rectangular waveguide



It is assumed that the waveguide is invariant in the z-direction, and the wave propagates in
z as e /7. The solutions of Maxwell’s equations that propagate along the guiding
direction are found, and the electric and magnetic fields with e/“t time-dependence are

written as:

E(x,y,z;t) = E(x,y)elot-iPz (2.1)

H(x,y,z;t) = H(x,y)e/®t=ipz (2.2)

where, [ is the propagation wavenumber along the guide direction, w is the radial

frequency. E(x, y) and H (x,y) are the transverse electric and magnetic field components,

respectively. Maxwell equations in source-free region are given as:

VxE = —jwyﬁ (2.3)

VxH = JweEE (2.4)

oH,

-2 (2.5)

>, (2.6)
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j dE, dH,

E, = —L(ﬁ o T OUTD) (2.7)
j dE, OH,

By =z (-F5 1+ op30) (28)

k? = k% — B2, k_ is the cut-off wave number and k? = w?ue where k is the wavenumber
of transverse electromagnetic (TEM) wave in the propagation medium, and &, y, represent

permittivity and permeability, respectively.

Transverse electric (TE) wave has E, = 0 and H, # 0. The first step is to find H, from the

Helmholtz wave equation as given below:

0% | 9% 2
oz T 6y2 + + k“)H, =0 (2.9)

Note that H,(x,y,z) = h,(x,y)e BZ thus (2.9) is reduced to a two-dimensional wave

equation for h,

(—+—+ k2)h,(x,y) =0 (2.10)

0x?2

Equation (2.10) can be solved using separation of variables method as given below. Let

h,(x,y) = X(x)Y (y) (2.11)

By substituting (2.11) into (2.10), the following equation is obtained



11

2 2
ld_X+ld7Y+k2 =0 (2.12)
Then, the general solution can be written as

h,(x,y) = (Acosk,x + Bsink,x)(Ccosk,y + Dsink,y) (2.13)

where, A, B, C and D are arbitrary constants, k, and k,, are defined separation constants

such that

k2 + k2 = k2 (2.14)
1d?x
1d?%y
;d_yz + k32,Y = (2.16)

When the boundary conditions on the electric field components tangential to the

waveguide walls are applied, then the following equation is found as

H,(x,y,2z) = Amncos%cosn%ye‘jﬁz (2.17)
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where, A, is an arbitrary constant, a and b are the width and the height of the waveguide,
respectively. Then, the transverse field components of the TE,,,, can be found using (2.5) -
(2.8) and (2.17).

E, = jwlzmn Amncos—sm Y o~ ibz (2.18)
kZb b
joumm mty _
E, =— ‘Za Amnsm—cos > JBz (2.19)
H, = —@Amnsm—cos ) g-ifz (2.20)
kéia b
jBnm mnx . nmwy _
H, =k§—bAmncosTsm -e jBz (2.21)

2 2
The propagation constant is B = k%2 — k% = \/kz — (%) — (%”) , which is real
when k > k., and corresponds to a propagating mode. Each mode has a combination of m

and n, and the cut-off frequency is given as:

fcmn Zn’i/c_s = zml/ﬁ\/(%)z - (anH)Z (2.22)

The cut-off frequency can clearly be described such that: the field expressions for E and H
are all zero if both m=n=0, that means there is no TEM mode (E, = H, = 0) in hollow
metallic waveguides. EM waves will only propagate when the frequency is large enough,
and exceeds some lower threshold for rectangular, circular, elliptical or any shaped

metallic hollow waveguides. This minimum frequency for wave propagation is called cut-



13

off frequency. Infinite number of modes can propagate through the waveguide if the
operating frequency is higher than the cut-off frequency of the mode. The modes with
f < f. lead to an imaginary B, which means all field components decay exponentially
away from the source of excitation. These modes are referred to as cut-off modes, or
evanescent modes. If more than one mode is propagating, then the waveguide is called
overmoded. The modes that have the same cut-off frequency are called degenerate. Single
mode operation is desirable in a waveguide because the total power is distributed among
the existing modes in a multimode waveguide operation, and the detection of the total
power of multimodes is required. The notation TEy, and TMp, are commonly used to
denote the type of wave and its mode, where m and n are the mode number in the
horizontal and vertical directions, respectively.

On the other hand, guided EM waves require at least two distinct conductors (transmission
lines such as coaxial cable, parallel plate waveguide, microstrip and stripline) to support

wave propagation for frequencies 0* Hz (TEM mode, no cut-off frequency).

The dominant mode is the one with the lowest frequency or the longest cut-off wavelength,
i.e. the mode TEjp having m = 1, n=0 for rectangular waveguide. This mode has the

following field components and parameters:

H, = Alocos%e‘jﬁz (2.23)
E, = —jw:nAlosin%e‘jﬁz (2.24)
H, = %Alosin%e‘jﬂz (2.25)
Ey=E,= H,=0 (2.26)
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ke=2 we==, fo=o, A =2a, B = /kZ—(Z)Z (2.27)

where, 4. is the cut-off wavelength, w. is the cut-off radial frequency. TM modes are

characterized by fields with H, = 0, and E, that must satisfy the following equation

2 L k2 —
(ax2 + ayz " cles(x,y) =0 (2.28)

TE components are found using appropriate boundary conditions by applying same

procedure, and the transverse field components of the TM,,,,, are computed as

E, = —Jf;;nB ncos%smn:y e Ihz (2.29)
E, = —jfger nsm—cos nby e Ib? (2.30)
H, = ji;Z”B nsm—cos m;y e Bz (2.31)
H, = —ja;c?:nB ncosTsngy e Bz (2.32)

The cut-off frequencies, the guide wavelength and phase velocity for the TMp, modes are
also the same as those of the TE,, modes. If either m or n is zero, then the field expressions
for E and H are zero. Thus, there is no TMgo, TMoy, or TMyo mode, and the lowest order

TM mode to propagate (lowest f;) is the TM;; mode.



15

The interval between the cut-off frequencies or wavelengths of the first two lowest order
modes determine the operating bandwidth of single mode operation so that only the lowest
mode will propagate. These remarks apply to all waveguide systems, not just hollow
conducting waveguides. The comparison of single mode operation in rectangular, circular
and elliptical waveguides is given by Kretzschmar [8]. It is clear that the bandwidth of the
rectangular waveguide is the highest and is followed by that of the elliptical waveguide.
The circular waveguide has nearly half the bandwidth of the elliptical guide. In rectangular

waveguides, the operating bandwidth is given in Figure 2.2.

bandwidth

N ?
N . f (b<a?)

fig 0 fo1
bandwidth
%
I - > f (a2<Db<a)
fio for T

Figure 2.2. The operating BW of rectangular waveguide according to dimensions

In order to make sure that the first mode (TExo) is well above cut-off, and the second mode
(TEos or TEy) is strongly evanescent, a safety margin of about 20 per cent is considered in

practical applications.

The wave impedances of TE and TM modes are defined as

Zpp==—2=— Zpy =2 =—2="" (2.33)

where, n = ./u/e is the intrinsic impedance of the material filling the waveguide. A

section of rectangular waveguide is modelled in CST Studio Suite. The first eight modes
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are excited and their field distributions are analysed to verify the theory explained above.
The cut-off frequencies, attenuation and propagation constants corresponding to the modes
are calculated. The dimensions of the modelled waveguide are the dimensions of the
standard WR-90 waveguide. The model is simulated using the time domain solver between
4.5 — 18 GHz which covers X band, 8 — 12 GHz. E- and H- field monitors are set up to 0.5
GHz intervals from 4.5 GHz to 18 GHz. The schematic view of dominant mode, TE,,, of
the rectangular waveguide, and the field patterns for the first 8 modes excited in a

rectangular waveguide are given in Figure 2.3 and Figure 2.4, respectively.

(a) Side view, E-field (c) Top view, E-field (e) Front view, E-field

(b) Side view, H-field (d) Top view, H-field (f) Front view, H-field

Figure 2.3. The E- and H- field patterns of the dominant mode, TE;, of a rectangular

waveguide

The mode information is given in Table 2.1. § and a, are phase and attenuation constants,
respectively and they are all frequency dependent parameters that are calculated for each
different frequency. The parameters are calculated for the first 8 modes in a rectangular

waveguide at the frequency point of 11.25 GHz in Table 2.1.
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Figure 2.4. Field patterns for the first 8 modes in a rectangular waveguide

Table 2.1. The cut-off frequencies and other parameters of the first 8 modes for modelled

X-band rectangular waveguide at 11.25 GHz

Mode | Type | B (1/m) | a (1/m) | Distance (-40dB) (mm) | Cut-off frequency (GHz)
Simulation | Calculation
1 TE1o | 191.55 - - 6.56 6.56
2 TEx - 141.01 32.66 13.11 13.12
3 TEn - 199.72 23.06 14.74 14.76
4 TM11 - 241.74 19.05 16.11 16.15
5 TEn - 242.53 18.99 16.14 16.15
6 TE3o - 336.81 13.67 19.62 19.68
7 TEn - 339.64 13.56 19.73 19.75
8 | TMy - 339.66 13.56 19.73 19.75

It can be noticed that, only dominant mode propagation occurs in the frequency range 8 —
12 GHz with a safety margin below and above this range. It can also be seen that the
analytical and simulation cut-off frequency results are close to each other. Note that, there
is no real beta at 11.25 GHz for the higher-order modes because those modes are below the
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cut-off frequency and the propagation constant becomes entirely imaginary. As these
modes do not propagate, the distances at which 40-dB attenuation occurred are calculated
(Figure 2.5). TE;o mode cannot propagate below cut-off frequency and it attenuates before

it reaches the other end of the waveguide.

4.5 GHz 6 GHz 12 GHz 18 GHz

Figure 2.5. TE;p mode 3D E-field distribution for different frequencies

The propagation of modes can also be observed by comparing the S,; parameters between
the 2 ports of the waveguide (Figure 2.6). As can be seen from the Figure 2.6, the wave
propagation along the waveguide from port 1 to port 2 is very low before the cut-off

frequencies of each mode.

10 —1-TE10
—2-TE20
-20 Sy 1 —3-TE01
—_ —4-TM11
% -40 —_ ' —5_-TE11
G600 —6-TE30
T —7-TE21
80—~ e 8- TM21

-110 ; : ; ; i ;

6 8 10 12 14 16 18
Frequency (GHz)

Figure 2.6. The comparison of Sy1 parameters for the first 8 modes in X-band rectangular
waveguide

As a result, TE1p mode is a single mode operation in the X-band (8 — 12 GHz) that is often

preferred in the applications. On the other hand, it is also clear that the bandwidth of the
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dominant single mode propagation of the rectangular waveguide is not sufficient in
broadband applications where the frequency ratio (fy:f ) is greater than 1.5. Detailed

analysis about waveguides can also be found in the literature [9], [10], and [11].

2.2. RIDGED WAVEGUIDES

Ridge waveguides have been used in microwave and antenna systems that require
wideband operation due to their unique characteristics of low cut-off frequency, wide
bandwidth and low impedance. The original ridge waveguide consists of a regular
rectangular waveguide, and one or two ridge inserts. Most passive components that may be

realized in conventional rectangular waveguides are also available in ridge geometry.

The bandwidth of conventional rectangular waveguide and horn antenna has been
improved using the ridges. Ridged waveguides behave as a tapered transmission line, and
cause capacitive effects. The cut-off frequency of the ridged waveguide is lower than that
of the rectangular waveguide because the cut-off frequency of the transmission line is zero,
and the cut-off frequency of the rectangular waveguide depends on its dimensions [12],
[13]. The dominant single mode operation in ridged waveguides has also been achieved
over the entire frequency band by lowering the cut-off frequency of the fundamental
propagating mode. The ridged waveguides are well documented in the literature [14 — 21].
The cut-off frequency equations and impedance curves for ridged waveguides were
presented in [16]. Design curves for various aspect ratios were given including the step
discontinuity susceptance [12]. The curves of discontinuity susceptance between parallel
plate waveguides, and the exact equivalent circuits were obtained in [17]. An algebraic
expression was derived to determine the cut-off wavelength of the ridge waveguides in
[18]. An approximate determination of the dominant-mode fields was made in ridged
waveguides [19] using the eigenvalues given in [16]. An analysis of error effects was
carried out by extending the design data given in [16] for ridged rectangular waveguides of
any aspect ratios [20]. A complete solution of the ridged waveguide eigenvalue problem
was obtained by the formulation of an integral eigenvalue equation which was
subsequently solved numerically by applying the Ritz-Galerkin method [21]. Figure 2.7
shows the cross-sectional view of a ridged waveguide and equivalent circuit of a unit

length ridged waveguide. The parameter “a” is the width of the waveguide, “b” is the
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waveguide height, “s” is the width of the ridge, and “d” represents the distance between

two opposite ridges.
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Figure 2.7. Double ridged waveguide (a) Cross-sectional view (b) Equivalent circuit

representation

The equations for the cut-off conditions of the various TE,, modes are given as follows

[16]:

(2.34)

(2.35)

where, k. is the propagation constant (cut-off wavenumber) related to the corresponding

cut-off wavelength,

(2.36)
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The value of the normalized susceptance term, B/Y,; represents the step discontinuity

derived in [19], where Y,; and Y,, are the characteristic admittances defined as:

Ke 1

The corresponding result for a double ridged waveguide susceptance term is approximated
as given in [16], [17]

% ~ 2 (Z) (]%) Incosec (g) (2.39)

d .
where, Incosec (:T:) can be written as follows and a = —.

Incosec (nz—a) = [a2a+1 cosh™! ((i—;) —2In ( il )] (2.40)

Equation (2.31) applies to TE, modes where n is odd and (2.32) applies where n is even.
The approximate characteristic impedance expression of the ridged waveguides for TE,

modes at infinite frequency is given in [12] and written as

1

Boce = T (T B Tein(E) ) (24D
| Ac Ac 2b) " 2Ac " 4 Ac |
£l (TS
umd a s (Tc)

bsin($c_s)) [”(Za—cs) 1Din(2n(/{zc—s))] j
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where, Ac/a is calculated for the values b/a, s/a, d/b for the TE;o mode using (2.34).

The characteristic impedance at any frequency can be found using the following equation

Zy = 2 (2.42)

Furthermore, the graphs given in [12] provide guidance to design double ridged
waveguide. The graphs include the extension factors Acho/a for the TEo, TEzg, TE3 modes
(Figure 2.8). Additionally, the bandwidth curves of double ridged waveguide were

represented as a function of s/a and d/b for the constant aspect ratio b/a=0.5.
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Figure 2.8. A¢/a for (a) TE1o mode, (b) TEzo mode, (c) TEzg mode, (d) BW curves of double
ridged waveguide (copied from [12])

Although it is not necessarily the useful bandwidth, the bandwidth of waveguide is defined
as the ratio of the cut-off frequency of the next higher-order mode to that of the dominant
mode. The double ridged waveguide (DRW) in the same wall dimensions as the standard
waveguide, WR90, and with the same ridge dimensions as WRD500 are compared to see
the effect of the ridges in Table 2.2. The theoretical bandwidth ratios of WR-90, DRW are
given as 2 and 4.5, respectively.

Besides the cut-off frequency comparison, ridged waveguides with 3 different d/b ratios
for 4 different s/a ratio were also analyzed. The cut-off frequencies of the first two modes
of DRWs with the same wall dimension as WR90 but with different ridge dimensions are
given Table 2.3. As can be seen, the bandwidth results are consistent with the ones given in
Figure 2.8-(d). As can be seen from the Table 2.3, the highest bandwidth was provided

when the ratio of d/b was low and the s/a ratio was about 0.25.
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Table 2.2. The comparison of the cut-off frequencies of the first 8 modes

Mode Cut-off frequency (GHz)
WR-90 DRW in same wall dimensions as WR-90
1 6.56 3.29
2 13.11 14.79
3 14.74 14.79
4 16.11 15.47
5 16.14 17.13
6 19.62 22.06
7 19.73 22.06
8 19.73 22.25

Table 2.3. The cut-off frequencies of the first two modes of DRWs with different s/a and

d/b ratios
Frequency (GHz) d/b=0.1 d/b=0.25 d/b=0.5
s/a=0.1 feutoff 1 mode=3.21 feutoff 1 mode=4.36 feutoff 1 mode=5.47
foutoft 2 mode=14.38 | Feuror 2" mode=14.11 | Fourorr 2" mose=13.72
s/a=0.25 feutoff 1" mode=2.64 feutoff 1 mode=2.43 feutoff 1 mode=2.80
foutoft 2 mode=14.76 | Feurorr 2" mode=11.82 | feutort 2" mode=8.96
s/a=0.5 feutoff 1" mode=3.84 feutoff 1" mode=3.66 feutoft 1" mode=4.12
foutoft 2" mode=14.89 | feurott 2" mode=11.62 | Feurott 2" mode=9.76
s/a=0.75 feutoff 1 mode=5.10 feutoff 1 mode=4.95 feutoft 1" mode=5.35
foutoft 2" mode=13.97 | Feurott 2" mode=12.08 | Fourotr 2" mode=11.14

We carry out the design of the waveguide according to the analysis using the figures
(Figure 2.7, Figure 2.8), tables (Table 2.2-Table 2.3) and equations (2.34) — (2.42). The

dimensions of the ridged waveguide were determined as a=19 mm, b=8 mm, s=5.3 mm,

and d=1.2 mm. The simulation model was presented in Figure 2.9. The first 5 modes of the

double ridged waveguide were calculated, and the related parameters were given in Table

2.4. It was observed that only dominant mode propagation occurred in the frequency range
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4.5 — 18 GHz, in where the dimensions were appropriate for antenna to be designed in the

following chapters of this dissertation. The double ridged waveguide design is directly

related with the realization of the wideband horn antenna.

Figure 2.9. The dimensions of the modelled double ridged waveguide

Table 2.4. The cut-off frequencies and other parameters of the first 5 modes for modelled

DRW at 11.25 GHz

Mode | B (1/m) | e (1/m) | Distance (-40dB) (mm) Cut-off frequency (GHz)
1 222.64 - - 3.70
2 - 315.31 14.61 18.79
3 - 315.60 14.60 18.79
4 - 315.32 14.60 18.79
5 - 401.20 11.48 22.20

Figure 2.10 shows the electric field pattern for the first mode of the DRW, TE;o mode. 3D

E-field distributions of TE;o mode for different frequencies are given in Figure 2.11. The

propagation and attenuation of modes can also be observed by comparing the Sy

parameters between the 2 ports of the waveguide. It could be noticed that TE;; mode was

only propagating wave along the frequency band 4.5 GHz — 18 GHz (Figure 2.12).
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3. HORN ANTENNA DESIGNS

In this chapter, the design details of the SGHA and DRHA are given. The design
procedures are explained and the antennas are modelled and analysed. The bandwidths of
the antennas, the frequency-dependent beamwidth variation and the interaction of the
antenna radiation pattern with the bandwidth are also examined in detail. In this study, we
first design the SGHA as an example to understand the characteristics of horn antennas,
and then we utilize it as a reference to study the variation of beamwidth of horns along the
operating frequency band. Since the desired wideband property is in the order of minimum
fmax:Tmin ratio 4:1, the DRHA is designed to extend the operating frequency band by
adopting the ridges in the waveguides to horns.

3.1. X-BAND STANDARD GAIN HORN ANTENNA

Horns are generally the most widely used microwave antennas because of they are high
gain, ease-to-construct, moderate bandwidth, and highly accurate radiating devices with
low VSWR. The most common type of horn used as a standard gain horn is the pyramidal
horn (Figure 3.1).

The aperture dimensions (A, B) and flare length (Lsare) that provide the desired gain and
half power beamwidths for a given operating frequency need to be determined during the
design of SGHA. It should be noted that SGHA does not consist of waveguide to coaxial
matching section. Ideal waveguide port was used to excite waves in both design and
simulation model. Since the dimensions of the standard waveguide WR90 in waveguide
section of SGHA are preferred, it is possible to use the commercially available waveguide-
coaxial adapters that suitable for antenna waveguide sections.
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Lfiare ™ S5 \\\

Figure 3.1. Geometry of a pyramidal horn

The theoretical background of SGHA design was studied previously, and X-band SGHA
covering 8 — 12 GHz was modelled and analysed. Different analytical design techniques
were presented in [22 — 28]. It is possible to use any of these analytical design techniques,
and the key specifications for target application are bandwidth and HPBW parameters.

The most important differences between design procedures arise from the accuracy of the
antenna gain formula, and either exact phase errors are taken into consideration [26] or
taken as constant values. The longer path length from the waveguide to the edge of the
horn aperture (Lg and Ly in Figure 3.1) compared to the aperture center in the flare plane
(Li in Figure 3.1) introduces a phase delay across the aperture which causes phase errors.
In fact, the exact phase errors are dependent on the desired gain, dimensions of the
waveguide, and the operating frequency. However, if the following conditions are met,
then the variations of the waveguide dimensions and frequency become negligible in phase

error calculations:

2<ab<25 (3.1)

1<Ma<1.7 (3.2)
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Additionally, there are design methods based on empirical measurements that also give
accurate results [29]. Minor variations in antenna size due to differences in design
techniques may be ignored for our design as these variations can create differences that
will not affect the beamwidth variation along the operating frequency band of the antenna.
The aperture dimension values found by analytical design method were also confirmed by
CST.

A pyramidal horn can be considered as a combination of E-plane sectoral, and H-plane
sectoral horns where both dimensions of the input waveguide are broadened along the flare
section. Therefore, the transverse fields and the radiation pattern can be directly obtained
from the propagating fields and radiation patterns of sectoral E- and H- plane horns. The

directivity can also be expressed as a combination of directivities of sectoral horns as:

T (A A 41T
6 =5(50e) (50n) = 3 canh (33)
32B
b32A
Dy =-—> Ky (3.5)

where, G is the boresight gain, Deg and Dy are the gains of E- and H- plane sectoral horns
respectively, Kz and Ky are the parameters related with aperture efficiency contributions,
and &4, is the aperture efficiency, which is a measure of how efficiently the antenna
physical area is utilized. Since the radiation efficiency is close to unity for horn antennas,
qp Can be defined as the composition of the aperture taper efficiency, &, and phase error

efficiency, &, as follows:

— — o oF LE
Eap = EtEph = EtEpnépn (3.6)
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Ke = ef, = SO0 (37)
Kn = el = ZA[C(py) = C)I + [S(pr) = S2)13 (38)
where,
q=2Vs (3.9)
p1=2E(1+2) p,=2vE(-1+) (3.10)

where C( ) and S( ) are Fresnel integrals. s and t are phase error parameters defined in

the E- and H- plane respectively as

t = oam (3.11)
BZ
S = oim (3.12)

where, R; and R, dimensions that are shown in Figure 3.2 and Figure 3.3. The equations
from (3.3) to (3.10) were derived using relations derived by Schelkunoff [30].
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a1

Figure 3.2.

Figure 3.3. H-plane horn geometry (copied from [24])

The aperture efficiency for optimum sectoral horns with phase error parameters s=0.25 and
t=0.375 was &,, = 0.51. Optimum aperture dimensions of the horn are given in the
following equations using universal curves shown in Figure 3.4 for E- and H- plane
sectoral horns. It can be seen that for a given axial length R; and Ry, there is an optimum
aperture width, A, and optimum aperture height, B, corresponding to the peak of the
appropriate curves for H- and E- plane sectoral horns, respectively. The values of A/

corresponding to optimum operation plotted versus R, /A produce a smooth curve with the

equation A/A = /3R, /A that results in an equation for the aperture width of the horn as

follows

A= ./32R; (3.13)
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A curve corresponding to pairs of values of B/A and R, /A for optimum conditions yields

for the height of the aperture as

B = \/22R,

(3.14)
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Figure 3.4. Universal directivity curves for (a) H- and (b) E-plane sectoral horns [24]

Later, we derived the design equation that provides the determination of dimensions of the

horn antenna. Equation (3.15) is a pyramidal horn design equation obtained by observing

the phase error conditions on the E- and H- planes according to the optimum gain

requirement, and taking into consideration the conditions that will enable the antenna

geometry to be physically feasible. The derivation of (3.15) can be found in [24], [31].

A* -

aAd +

3622t

T 32m2el,

It is possible to solve (3.15) by trial and error assuming a value as:

(3.15)
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A= 045/G (3.16)

Hence, the steps for the optimum SGHA design can be summarized as the follows:

I.  Specify the waveguide dimensions for a given operating frequency (or
wavelength), and the desired gain.

ii.  Solve the pyramidal design equation (3.15) for A using &4, = 0.51.

iii.  Obtain the dimensions A, B, Ri, Rz, Ry, Re using (3.3), (3.13), (3.14) and the

similar-triangle property.

iv.  Determine the solution accuracy of the results by checking whether the axis
lengths, Ry and Rg, are equal and by using (3.11), (3.12), to see t=0.375 and s=0.25.

The H-plane (azimuth) and E-plane (elevation) HPBWs for optimum performance can be
determined from the universal radiation patterns of an H- and E- plane sectoral horns for
t=0.375 and s=0.25 using Figure 3.5.

The 3-dB points for H- and E-planes are (%) sinfy = 0.68 and (%) sinfy = 0.47 for

optimum values of t and s, respectively. Thus, the HPBW relationships for optimum
SGHA are found using the below equations for A > Aand B > A.

HPBW,, = 2 arcsin (ﬁ) ~ 1365 = 78°2 (3.17)
2

HPBW, = 2 arcsin <¥> ~ 0942 = 5402 (3.18)
2
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There is a design method in which all the dimensions of the antenna are given by equations
without the need to solve quadratic equation (3.15). The details of the design procedure are

given in [22], [32], [33] and the equations are presented according to notations given in
Figure 3.2 and Figure 3.3 below

Glinear = 10as/10 (319)

A = 0.096aG ineqr"23% + 0.422G imeqr "% — 0.193b (3.20)

L, =A E + (.%)2 (3.21)
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Ry=(A—a) -3+ (’7*’)2 (3.22)

Ry = [I& - (‘5‘)2 (3.23)

B =2|b+/bZ+8R,]] (3.24)
Iy == \F@)Z (3.25)
Ry = (B —b) \/—§+—(l§)2 (3.26)
R, = Jm (3.27)

Since the latter design method including equations (3.19) to (3.27) is more straightforward,
this technique is used to design X-band SGHA with 15 dBi gain at center frequency, 10
GHz. It should be noted that although horn antennas operate over a bandwidth of 1.5:1,
since the aperture efficiency decreases with frequency due to increasing phase errors, the
performance is optimum only at the design frequency. The aperture radiated fields and

pattern equations of the horn antenna can also be found in [9].

The dimensions of the proposed SGHA are calculated using the equations (3.19) — (3.27)
and the antenna is first modelled in the CST program. The various angled views of the

modelled antenna are shown in Figure 3.6.
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(a) (b) (©)

Figure 3.6. Different views of modelled X-band SGHA

Note that the waveguide section of modelled SGHA were analysed in Chapter 2, and the
same waveguide, WR-90 was also used here. Thus, the propagating modes were evaluated
and their field distributions were determined in Chapter 2. Only dominant mode
propagation occurs in the frequency range 8 — 12 GHz with a safety margin below and
above this range.

The dimensions were calculated as aperture width=74.5 mm, aperture height=56 mm and
flare length=42.8 mm using the equations from (3.19) to (3.27). On the other hand, it was
noticed after the first simulation that it was possible to make an antenna design that
performed better on other parameters such as VSWR and SLL, while abandoning a small
amount of gain with some changes on the initial values. The compared results are shown in

Figure 3.7 and Figure 3.8.

—SGHA
L —SGHA_modified

S11 (dB)

Frequency (GHz)

Figure 3.7. The return loss (S;1) comparison of SGHA and modified SGHA
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Figure 3.8. The comparison of azimuth and elevation patterns of SGHA and modified
SGHA at (a) 8 GHz (b) 10 GHz (c¢) 12 GHz

As it can be obviously seen from Figure 3.7 and Figure 3.8, we decided to continue this
study with the modified SGHA design because especially side-lobe levels (SLLs) of
elevation patterns and S;; have better performance. The model was simulated using the
time domain solver between 4.5 — 18 GHz that covers X band, 8 — 12 GHz. The
characteristics of the designed antenna according to the simulation results are given in
Table 3.1.
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Table 3.1. The specifications of the modified SGHA

Frequency band (GHz)

8-12

Polarization Linear (Vertical)
Gain (dBi) 13.9-16.6
HPBW (Azimuth) (Degree) 33.6-24.2
HPBW (Elevation) (Degree) 41.2 - 28.7
Aperture Dimensions (Flare Length x Width x Height) (mm) 60 X 75 x 45

The propagation of modes can be observed by comparing the S;; parameters corresponding

to each mode. The result is presented in Figure 3.9. Since the wave propagation along the

waveguide from port is very low before the cut-off frequencies of each mode, return loss

levels are also very poor. The places where the curves peak are the points corresponding to

the cut-off frequency of the relevant mode. The 3D far-field radiation patterns according to

simulation results were given in Figure 3.10.

-10 N\ N r\ —
220 \ \\J ~ : \"\I\VA .
] | AW
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e —TE10
-60 P —TE11 |
70— e —TE20 |
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Figure 3.9. The comparison of S;; parameters for the first 5 modes in SGHA
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(@) 8 GHz (b) 10 GHz (c) 12 GHz

Figure 3.10. 3D far-field radiation patterns of the designed SGHA

In order to see the deteriorating effect when multiple modes are excited, it is necessary to
examine the radiation patterns obtained at the frequency of 18 GHz where 5 modes are
propagated.

(d) Mode 4 (e) Mode 5 () All modes

Figure 3.11. 3D far-field radiation patterns of the designed SGHA at 18 GHz
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It is evident from Figure 3.11 that the far-field radiation diagrams are beginning to
deteriorate with the dominant mode TEjo as well as the other modes (TE2o, TEo1, TEis,
TMy;,) starting to propagate. Thus, the frequency range where no other modes are
propagated and the radiation diagrams are not distorted can be evaluated as the operating
frequency band of the antenna that is X-band for our application.

One of the parameters that can be considered to understand how the beamwidth of the
antenna changes with frequency is the directivity-beamwidth product which is denoted by
Dbw. Dbw is defined as

Dbw = DxHPBW,,xHPBW,, (3.28)

where, D is directivity (linear), HPBW,, and HPBW,, are half power beamwidths of
azimuth and elevation respectively in degrees. Dbw is similar to the gain-bandwidth
product that is commonly used in electronic circuits. It is relatively constant under a
variety of operating circumstances. Dbw product was examined and the results are given in

Table 3.2 for various commonly used aperture distributions [34].

Table 3.2. The directivity-beamwidth products of different aperture distributions

Antenna Type Dbw [deg?]
No side-lobe pattern, rectangular beam 41253
No side-lobe pattern, conical beam 52525
Uniform rectangular aperture 32383
Cosine-uniform rectangular aperture, such as open ended waveguide 35230
Uniform circular aperture 33709
General use for practical antennas 26000
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It could be seen from (3.28) that either Dbw should be increased in direct proportion to the
directivity of the antenna or the directivity of the antenna must remain constant along the

frequency band to obtain constant beamwidths.

The variation of gain and Dbw product across the azimuth and elevation beamwidth values
of the designed SGHA according to the frequency are given in Figure 3.12.

SGHA realized gain vs frequency HPBW vs frequency

-
=~
F
N

—Azimuth
——Elevation

£y
o

=
&
@

(3
«©

=
o

[

o

-
&
)

e

&

HPBW (Degree)
1)
N

Realized Gain (dB)
-
o

a

=

@
(23
=3

[
-]

-
N

n

-

n
'y

-
w
o

&

L i L L i L
8 9 10 1 12 9 10 1 12
Frequency (GHz) Frequency (GHz)

Figure 3.12. The simulated gain of the SGHA and the comparison of HPBWs in E-

(elevation) and H- (azimuth) planes

Table 3.3. Dbw product of the designed SGHA

Frequency Directivity H-plane HPBW E-plane HPBW | Dbw (Degree?)

(GH2) (Linear) (Degree) (Degree)
8 24.95 33.59 41.17 34506
10 34.51 28.51 34.48 33938

12 46.34 24.18 28.73 32281
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Table 3.3 shows that the frequency along the operating band of the antenna increase by 1.5
times (8 to 12 GHz), while half power beamwidths on the H- and E-plane varied by 1.39
and 1.43 times, respectively. Thus, the beamwidth-frequency change of a horn antenna can

be interpreted as close to the linear as expected.

3.2. DOUBLE RIDGED HORN ANTENNA

In Section 3.1, SGHA was designed to understand the frequency-beamwidth relation of
horn antenna. Since the bandwidth of horn antenna is limited with a ratio of 1.5:1, there is
a need for a broadband antenna. The ridged horn antenna is more desirable than other
broadband antennas such as log periodic, Vivaldi or biconical because of its high gain, low
VSWR, adjustable beamwidth and stable phase center characteristics. Since the bandwidth
for the rectangular waveguides is defined as the ratio of the cut-off frequency of the next
higher-order mode to that of the dominant, TE;, mode, the point we will pay attention to in
DRHA design is propagating a single mode along the frequency band.

Dominant single-mode operation is achieved over the entire frequency band using the
ridges in horns by lowering the cut-off frequency of the fundamental propagating mode as
are in ridged waveguides. Various double or dual polarized quad ridged horn antenna
designs had been carried out [35 — 40], however none of these studies explained the design
procedure in detail. Previous studies on ridge waveguides determined the dimensions of
the operating waveguide and the ridge geometry to include the desired frequency band as
shown in Chapter 2. The same dimensions are also used in the double ridged horn antenna

(DRHA) waveguide section.

In fact, DRHA is composed of three main subsections which are feed and cavity section,

ridged waveguide part, and finally the ridge-loaded flare. Two different designs, mainly
I.  without feed and cavity section (waveguide-fed)
ii.  with feed and cavity section (coaxial-fed),

will be considered. Actually, we first design the waveguide-fed DRHA, then by modifying
the ridged waveguide section and designing the feed and cavity part, coaxial-fed DRHA
will be obtained. Designed models are shown in Figure 3.13. When the feed section
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including the coaxial-to-waveguide adapter and cavity design is added to the antenna, the

feed-cavity section interlaces with the ridged waveguide section as seen in Figure 3.13-(b).

(b)

Figure 3.13. Side views of two different DRHA models: (a) With ridged waveguide section
(waveguide-fed) (b) With feed and cavity section (coaxial fed)

Note that the ideal waveguide port was used to propagate modes for waveguide-fed DRHA
as explained in SGHA design Section 3.2. Thus, the design of the DRHA is based on the
determination of the ridged waveguide dimensions and design of the ridge-loaded flare
section. Since the flare is a continuation of the waveguide, and the dimensions have
already been determined in Chapter 2.3, the ridge thickness does not change initially and

the main issue becomes the design of the flare.

3.2.1. Ridge-Loaded Flare

The design of ridge-loaded flare part comprises of the determination of ridge profile and
flare geometry. We have explained the design of the ridged waveguide in Chapter 2.2.
Now, we concentrate on the determination of how the ridge profile will be along the flare,
up to the horn aperture in this Section. It is desired that ridge profile design including ridge
width, and the space between the ridges provides smooth transition between the ridge
impedance and the free-space impedance, 377 Q. It is required to consider that the ridges
should be extended into the flare and past the point where the horn aperture becomes
sufficiently wide (half a wavelength or more in width (H-plane)) to support propagation of
the TE;o mode at the lowest operating frequency when the ridges are designed. Note that

the horn generates some higher-order modes due to an aperture width more than a half
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wavelength which distorts the pattern over narrow frequency ranges unless the flare length
is adjusted.

Although different ridge curvatures were extensively studied in the literature [37], [39],
[41], [42], most of them were generally based on exponential tapers with an additional
linear term with slope. The general equation of ridge profile can be written as follows:

y(z) = az + be®* (3.29)

The linear segment in (3.29) is used as compensation to extend the frequency band. This
additional linear taper term, az, has been determined experimentally and it provides a
significant improvement in terms of impedance matching for the first octave of the
frequency band and has little effect elsewhere [35]. It is possible to find out the values of

the coefficients in (3.29) using the following equation:

y@) =Sef’,  0<z<L (3.30)
where,
_1 Yaperture
Y (3.31)

z is the axial length along the horn from the straight section of the ridge, y(z) is the
perpendicular distance from the center line of the horn aperture, L denotes the flare length,
d is the gap between the ridges in the waveguide, and Yaperure represents the aperture height
of the horn antenna. If we substitute 3 in (3.30), then applying a small algebraic

simplification on (3.30), it becomes as
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z

y(z) — (Yape(;ture)(Z)g (3.32)

The aperture height, flare length and ridge gap are needed to calculate (3.32). The desired
flare length, aperture height and determined ridge space values are the starting points of

parametric study which are used to obtain the best performance of the antenna.

The dimensions of the flare such as aperture width, height and length were obtained for X-
band SGHA with 15 dBi directivity using straightforward SGHA design method described
in Section 3.1. The antenna was modelled using CST Microwave Studio. The width and
height of the DRHA aperture were kept same as the width and height of the designed
SGHA, which are 75 and 45 mm, respectively. The parameters of a, b, and c in (3.29) were
determined and the flare length were modified after parametric sweep. The simulated
results of S;; were compared for different values of a, b and ¢ constants as a starting point
for the design of DRHA. Then, the final values of the ridge profile equation were
determined. The simulation result of the designed waveguide-fed DRHA was presented in
Figure 3.14.

Waveguide and ridge-loaded flare sections were combined by selecting the appropriate
ridge profile after S parameter simulations. The first five propagating modes were
evaluated to check the cut-off frequencies before any further continuation of the design.
The port mode information was given in Table 3.4.
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Figure 3.14. The comparison of S;; parameters of the first 5 modes in DRHA
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Table 3.4. The cut-off frequencies and other parameters of the first 5 modes for modelled
waveguide-fed DRHA at 11.25 GHz

Mode | B (1/m) | a (1/m)

Distance (-40dB) (mm)

Cut-off frequency (GHz)

1 222.66 - - 3.70
2 - 314.80 14.63 18.77
3 - 315.33 14.60 18.79
4 - 315.33 14.60 18.79
5 - 401.54 11.47 22.22

It is evident that the designed flare section and ridges have no significant effect on the

dominant mode cut-off frequency when the results are compared to the ones in Table 2.4.

The simulated model and the specifications of the waveguide-fed DRHA which was

designed to have the same aperture width and height as SGHA were presented in Figure

3.15 and Table 3.5, respectively.

z

L

Figure 3.15. Different views of the waveguide-fed DRHA

Table 3.5. The specifications of the designed waveguide-fed DRHA

Frequency band (GHz)

45-18

Polarization

Linear (Vertical)
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Gain (dBi) 9.0-18.3
HPBW (Azimuth) (Degree) 55.0-19.3
HPBW (Elevation) (Degree) 70.3-20.2

Aperture Dimensions (Length x Width x Height) (mm) 110 x 75 x 45

Ridge profile equation (3.29) coefficients a=0.02, b=0.63, c=0.0316

The model was simulated using the time domain solver from 4.5 GHz to 18 GHz which
corresponds to a BW ratio of 4:1. It could be understood from the Si; parameters and mode
computation graphs that there is only one mode with a cut-off frequency below 18 GHz.
The smooth transition between the antenna waveguide feed and the free-space impedance

are successfully accomplished as presented in Figure 3.16.
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Figure 3.16. VSWR of the waveguide-fed DRHA

In fact, it was possible to design an antenna having better VSWR parameter by improving
the impedance matching of the antenna, but this positive change adversely affects the
antenna radiation patterns in terms of SLLs. Therefore, since the present VSWR value was
acceptable, it was decided that this was the optimum design.
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The E-field intensity field views and far-field radiation patterns according to simulation
results were given in Figure 3.17 and Figure 3.18, respectively.
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Figure 3.17. Simulated 3D E-field intensity
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fed DRHA.

Figure 3.18. 3D, azimuth and elevation far-field radiation patterns of designed waveguide-
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The main advantage of the horn antenna compared to the log-periodic antenna, which is
another broadband and near-constant beamwidth antenna, is that the phase center is
relatively less changed with frequency. The phase center moves away from the front of the
aperture to the inside of the horn with increasing the frequency, as shown in Figure 3.19.
The phase center has moved 35 mm as the frequency increases from 4.5 GHz (Figure 3.19-
(@) to 18 GHz (Figure 3.19-(b)). We observe that how the horn antenna is important when
the log-periodic antenna has a phase center change of approximately 80 mm between the

ends of the same frequency bands.

(a) 4.5 GHz (b) 18 GHz

(c) 4.5 GHz (d) 18 GHz

Figure 3.19. Simulated phase center movement of the DRHA and log-periodic antenna

Although there is no theoretical formula available for the estimation of gains of DRHAS as
in SGHA with adequate accuracy [43], the directivity-versus-frequency characteristic of
the designed waveguide-fed DRHA is observed to be similar to that of the pyramidal horn.

The variation of directivity and azimuth (H-plane), elevation (E-plane) beamwidth values
of the designed DRHA with frequency are shown in Figure 3.20. Directivity and 3-dB
beamwidth values of the designed DRHA are also listed in Table 3.6.
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Figure 3.20. The simulated results of (a) directivity of the waveguide-fed DRHA, (b) the
comparison of the HPBWs in the E- and H-planes

Table 3.6. Directivity and 3-dB beamwidth values of DRHA

Frequency Directivity H-plane HPBW E-plane HPBW
(GH2) (Linear) (Degree) (Degree)
4.5 8.2 55.0 70.3
7.5 20.5 37.1 44.5
10.5 33.9 28.2 30.1
12 40.4 26.5 27.5
15 52.6 22.7 22.1
18 68.8 19.3 20.2
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Figure 3.20 and Table 3.6 show that HPBW’s on the H- and E-plane vary by 2.9 and 3.5
times along the frequency band, respectively. Thus, it can be seen that the relationship
between the beamwidth and the frequency is near-linear. Additionally, it is observed that

as the frequency increases, the linear relationship begins to deteriorate.

The final part of the antenna: the coaxial-to-double ridged waveguide transformer, which

allows the antenna to be fed with 50 Q, is required to complete the DRHA design.

3.2.2. Feed and Cavity

We design the feed, that includes the design of back cavity and coaxial-to-double ridged
waveguide (coax-to-rwg) transformer after the design of ridged waveguide and ridge-
loaded flare. The coax-to-rwg transition is designed to suppress any higher order double
ridged waveguide modes that can propagate. It should be noted that the feed and cavity
part is very important for higher-order mode suppression and feed-to-free space matching

performance.

The critical design goal is to provide a smooth transition between the coaxial TEM mode
and the dominant TE;p mode in the ridged waveguide. Previous design methods for a
variety of particular junctions were presented with a detailed description in [44]. The
fundamental way of propagating a desired mode in a waveguide is the excitation of either
the electric or the magnetic field intensity with the specific mode. This can be achieved
either by means of a probe element parallel to the electric field or by means of a coupling
loop in the waveguide, which the plane of loop was normal to the magnetic field. Although
each type of junctions were used in different type of applications, transitions based on

electric coupling are more preferred over the other.

In this study, we connect the inner conductor of the coaxial line to the opposite side of the
ridge, while the other side is in contact with the outer conductor. 50-Q@ SMA female
connector, Huber+Suhner model 23_SMA-50-0-3/111 NE, is modelled in the simulations.
The back cavity and the feed structure in a ridged waveguide are shown from different

views in Figure 3.21.
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(b)

Figure 3.21. Different views of back-cavity geometry.

The major difference compared to the conventional back cavities is in the back cavity part.
The width of the chamfered back ridge, g, and the chamfer angle, ®, are the critical
parameters to improve the matching and to achieve a VSWR less than 2 along the
frequency band. Effects of key design parameters were previously explained in [45]. The
final values of the back cavity dimensions are determined as a result of the parametric
study for the whole frequency band from 4.5 GHz to 18 GHz and they are given in Table
3.7. The number of individual parts of the antenna is reduced and the production of the
antenna becomes relatively simple using this back cavity design. Thus, the manufacturing
cost may be also reduced. The simplicity in back cavity design also decreases the
possibility of performance deterioration due to antenna manufacturing, and increases the

consistence between the simulation and measurement results.
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Table 3.7. Mode information for the first 3 modes of a modelled coaxial-fed DRHA at

11.25 GHz

Mode Type Line impedance (Ohms) Cut-off frequency (GHz)
1 TEM 48.4 -

2 TE - 25.0

3 TE - 25.1

Table 3.7 shows that only dominant TEM mode propagation occurs in the operating

frequency band and the line impedance of the designed feed port is calculated as 48.4 Q

which is so close to the desired impedance 50 Q.

Table 3.8. Final dimensions of the feed and back-cavity section

Back cavity length (d) (mm) 8.2
Waveguide width (e) (mm) 20.5
Cavity ridge length (f) (mm) 3.1
Chamfered width (g) (mm) 1.7
Distance between the back of waveguide and the ridge (h) (mm) 3.3
Short ridge height (i) (mm) 0.5
Ridge width (mm) 5.3
Gap between the ridges (mm) 1.2
Chamfered angle (©) (degree) 45°

Finally, the corners of the cavity ridge are smoothed to improve the VSWR performance at

the beginning and at the end of the frequency band in addition to the dimensions given in
Table 3.8. The modified model and the effect on VSWR are shown in Figure 3.23.
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Figure 3.22. Final back-cavity geometry and VSWR comparison of two models

The specifications and the radiation patterns according to simulation results are given in
Table 3.9 and Figure 3.23.

Table 3.9. The specifications of the designed coaxial-fed DRHA

Frequency band (GHz) 45-18

Polarization Linear (Vertical)

Gain (dBi) 8.7-18.4

HPBW (Azimuth) (Degree) 55.4-18.4

HPBW (Elevation) (Degree) 72.1-19.8

Antenna dimensions (L x W x H) (mm) 120 x 75 x 45

Ridge profile equation (3.29) coefficients a=0.02, b=0.63, c=0.0316

As a result, we completed the design of the coax-fed DRHA in the frequency band 4.5 — 18
GHz with smooth but frequency-varying radiation patterns. We observe that the frequency
along the operating band of the antenna is increased by 4 times, HPBWs on the H- and E-
plane varied with a ratio of 3.0 and 3.6, respectively. The relationship between the
beamwidth and the frequency is near-linear but inversely proportional as expected. In the
next chapter, we explain the details of how we can design a new antenna to ensure the

constancy of the beamwidth along the frequency band.
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Figure 3.23. 3D, azimuth and elevation far-field radiation patterns of designed coaxial-fed

DRHA
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4. NEAR-CONSTANT BEAMWIDTH WIDEBAND HORN ANTENNA

In this chapter, the literature review about near-constant beamwidth horn antenna
(NCBWHA) is provided. The reasons that prevent the beamwidth constancy along the
frequency band, and the requirements to achieve this property will also be investigated in
this chapter. Furthermore, the required changes in the new type of DRHA design will also
be determined. The changes will be examined one by one and the impact of parameters on
the performance of an antenna will be analysed. Additionally, the designed antenna will

also be compared with coaxial-fed DRHA that we have implemented in Chapter 3.

Several methods were proposed to solve constant-beamwidth problem. Some of the
solutions provided partial improvements, but failed to produce a complete result. The
bandwidth was not sufficient in some of the previously proposed studies, and in others, the
constancy of the beamwidth could not be achieved at the desired level, and the antenna

radiation pattern deterioration could not be prevented along the frequency band.

Different techniques were investigated to design ultra-wideband (UWB), 10 dB-beamwidth
frequency-independent feed antennas with suppressed higher order modes and low cross
polarization levels to be used as a feed for novel reflector antennas (i.e. radio astronomy
applications). Circular quadruple-ridged flare horns (QRFHSs) achieving near-constant 10
dB-beamwidth was designed using different types of feed sections and exponentially
profiled sidewalls. The quad ridged horn achieved near-constant beamwidth supporting
multiple modes at the horn aperture that had appropriate magnitude and phase
relationships. These multiple modes were generated by the curvatures of ridge and sidewall
profiles [46]. Balanced excitations were realized to achieve UWB performance using a
balun (balance to unbalance transformer), which was also considered as bulk, and led to
power dissipation losses [47]. However, its H-plane 10 dB-beamwidth varied with as much
as a factor of 3 over the frequency band with a ratio of 6:1. This strong variation resulted
from rapid narrowing in the beam at high frequencies, where the contribution of the high-
order modes increased. A metal ring structure, which was introduced in the design of
QRFH in [48] to suppress the TE;, mode in the throat part, was shown to improve the E-
plane beam performance however it did not make a contribution to the H- plane pattern.
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The concepts of constant H-plane beamwidth horns were first investigated by Dewey [1].
Dewey considered the cylindrical apertures and horns fed by sectoral waveguide type
flares. An H-plane sectoral horn had an almost constant H-plane radiation pattern over a
very wide frequency range, if only excited by the fundamental TMy; mode [49]. On the
other hand, it should not be forgotten that the TMo; mode does not exist in a rectangular
waveguide. A new type of differential feed called a quadraxial feed, which was excited by
two orthogonal differential modes, was used in another UWB QRFH that removed the
need for balun. It was shown that the quadraxial feed improved the modal content in the
throat part of QRFH compared with the conventional coaxial feed when strongly exciting
the fundamental TE;; mode during the suppression of the unwanted higher-order modes.
The far-field patterns of the coaxial-fed horn exhibited larger ripples, as compared to that
of the twinax-fed horn, which was expected because of the presence of higher-order modes
in the throat part with the coaxial excitation [50]. A decade bandwidth DRHA with a
coaxial to double ridged waveguide launcher was designed from 10 to 100 GHz [51]. Half-
cosine transition into a linear taper for the outer waveguide dimensions and ridge width
was used to achieve stable beamwidth over the frequency band [51]. On the other hand, it
was shown that the elliptical sidewalls affected the radiation pattern positively, decrease
the pattern degradation, and provide relatively constant beamwidth [52]. Additionally, lens
designs were also applied to conventional horn antennas to improve the radiation patterns.
Radiation pattern distortion occurs in the high frequency band of conventional ridged horn
antennas because of the larger phase error at the antenna aperture as the frequency
increases. Dielectric lens loading had been introduced to reduce the phase error, which
helped to improve high frequency band radiation patterns in the antennas and to increase
the gain in the entire frequency band [42], [53 — 56]. However, no contribution had been
made to the beamwidth constancy of the antennas. Relatively wideband antennas, polyrod
radiators which were more broadband radiators of end-fire antennas, were also investigated

but they could produce a constant beamwidth over only 2:1 band [3].

Since the application areas (generally designed as reflector feed for radio astronomy) of the
antennas mentioned above were different, the priorities in design were also different. These
antennas did not meet our requirements and the characteristics such as HPBW, smoothness

of the radiation pattern, and the most important parameter, bandwidth were insufficient.
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Thus, the need for a different design had emerged considering different priorities. We

focus on these requirements in this dissertation.

As it is previously mentioned, the design of the DRHA in the frequency band 4.5 — 18 GHz
is performed in Chapter 3 with smooth but frequency-varying beamwidth radiation
patterns. In this chapter, we will design a new type of horn antenna to provide near-
constant beamwidth over the desired frequency band. The main reasons for beamwidth
variation, the solutions that were tried in the literature, the designed antennas, and their
deficiencies are explained up to now in general. The applied solutions with designed
antennas and simulation results will be given by comparing with previous antennas in this

chapter.

4.1. PINWALL (GRID) ANTENNA

We have first studied on the dimensions of the flare (i.e. flare length and aperture size) of
the designed coaxial-fed DRHA and ridge taper to improve constant beamwidth. Note that
the horn aperture becomes sufficiently wide (half a wavelength or more in width (H-
plane)) to support propagation of the TEj;; mode at the lowest operating frequency.
However, an aperture more than a half wavelength wide at the lowest frequency means
more wavelengths wide at higher frequencies which causes large phase errors across the
aperture unless the horn is extremely long. At the same time, when the pins are inserted,
the flare must be over a certain length when considering the number of pins to be used and
the distance between the pins. Thus, the aperture height and flare length are also enlarged
as the aperture width of the antenna is expanded. It is known that use of a large H-plane
flare angle may improve the frequency independence of H-plane radiation pattern over a
wide bandwidth. It was previously provided by producing a sufficient phase difference
between the edge and the center of the aperture with increasing frequency that
counteracted the beam narrowing [57].

The beamwidths of the antenna in both E- and H-plane depend on the electric field
distribution across the aperture. The relationship between frequency and 3-dB beamwidth
is linear as expressed using the following equation regardless of the aperture field

distribution type, i.e. uniform, cosine, Gaussian, etc. [24] as
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A

where, A(B) is the aperture width (height), and kg, is beamwidth factor associated with
the E-field aperture distribution in E(H)-plane. Since the horn is fed by a rectangular
waveguide, the dominant mode is TEj,. Thus, the aperture phase is uniform in H-plane and
amplitude distribution is a cosine taper in E-plane. The aperture electric field distribution
of this type of horn antenna is obtained by combining the fields for H- and E-plane sectoral
horns. The E-field distribution across the aperture and H-plane power pattern of the H-
plane sectoral horn are given in the following equations so that the flare design can start
from this plane [58] as

Ey(x) = Cxcos (%x) i e{_jk[“ (LH2+x2)_LH]} (4.2)

* (LH2+XZ)

ffA Ey (x) e (jkxsin®) dx

P(O) = cos?6
(0) ffAEy(x)dx

(4.3)

where, C, is a constant, Ly represents the throat length according to geometry that was in
Figure 3.1 and k = 2m/A is the free space phase constant. The mean value of constant

beamwidth curve is given in Figure 4.1 according to the power pattern given in (4.3).
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Figure 4.1. Constant beamwidth design curve for cosine aperture distribution (i.e. aperture
phase taper=0.37), at A=\) (copied from [58])

Figure 4.1 shows the mean value of constant beamwidth with flare length variation for
cosine aperture distribution. It can be used for the H- plane radiation pattern beam as well
as determining the throat length and aperture width of the antenna to be designed. The term
constant beamwidth is used to imply + 12 per cent variation about the mean 3-dB
beamwidth level over a 2.4:1 band in [58]. The aim of this dissertation is to adjust the
mean value of H-plane beamwidth to be about 30 degrees, therefore, we need to extend the
throat length of the DRHA between roughly 2.5 - 3 A45, which corresponds to 165 — 198

mm.

The physical modifications of the DRHA designed in Chapter 3 were based on two points:

I.  One of the points is H-plane design, which is the determination of the flare length

and aperture width that depend on the aperture phase taper and desired azimuth 3-

dB beamwidth.

ii.  The other point is the aperture height that depends on the ridge profile which is

more related to impedance taper.
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Thus, it is necessary to modify structures and dimensions which are preferred in
conventional horn antenna design to change the frequency-beamwidth relationship of the

horn antenna. The guidelines can be followed as follows for constant beamwidth:

e The throat length (L) in terms of wavelength corresponding to the desired 3-dB

beamwidth value is required to be found in Figure 4.1.

e The phase aperture taper for the lowest frequency point should be 0.37X which
means the following equation must be satisfied

(Ly* + x)Y?2 — Ly = 0.37A (4.4)

where, x = A/2. Hence only unknown parameter A can easily be found. Thus, the aperture
width and the throat length can be determined after guidelines given above including (4.4).
We evaluated the first three propagating modes to check the cut-off frequencies before we
continued the design of the antenna. The ridge transition is normally a strong moding
device but this can be prevented using an appropriate ridge profile. The port mode
information is given in Table 4.1. It can be seen that the designed expanded flare and

ridges have no negative effect on the dominant mode cut-off frequency.

Table 4.1. Mode information for the first 3 modes of a modified coaxial-fed DRHA at

11.25 GHz
Mode Type Line impedance (Ohms) Cut-off frequency (GHz)
1 TEM 48.5 -
2 TE - 25.2
3 TE - 25.3
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The revised DRHA dimensions and the specifications of the modified coax-fed DRHA are

given in Table 4.2. The far field radiation patterns according to simulation results are also

shown in Figure 4.2.

Table 4.2. The comparison of the designed waveguide-fed DRHA and modified DRHA

specifications

Parameters

Modified DRHA

Frequency band (GHz)

45-18

45-18

Polarization Linear (Vertical) Linear (Vertical)

Gain (dB) 8.7-18.4 12.2-15.7

HPBW (Azimuth) (Degree) 55.4-18.4 34.6 —25.5

HPBW (Elevation) (Degree) 72.1-19.8 43.5-30.5

VSWR <2 <2

Aperture Dimensions (Flare Length x Width | 110 x 75 x 45 182 x 205 x 93

x Height) (mm)

Ridge profile equation coefficients a=0.02, b=0.63, | a=0.02, b=0.003,
c=0.0316 c=0.0525
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Figure 4.2. 3D, azimuth and elevation simulated far-field radiation patterns of designed

modified coax-fed DRHA
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The directivity and azimuth-elevation beamwidth values of the coax-fed DRHA designed
in Chapter 3.3 and its modified version are compared and the comparison results are
presented in Figure 4.3.
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Figure 4.3. The comparison of simulated (a) directivity and (b) HPBWs in E- (elevation)
and H-planes (azimuth)

Figure 4.3 shows that the frequency along the operating band of the antenna increase by 4
times (4.5 to 18 GHz), while HPBWs on the H- and E-plane vary by 1.36 (+ 15.1 per cent
variation about the mean 3-dB beamwidth) and 1.43 (= 17.8 per cent variation about the

mean 3-dB beamwidth) times, respectively. We note that there is a considerable




67

improvement in beamwidth constancy. However, we also observe that the beginning of the

band still needs to be improved.

It also appears that the desired progression cannot be achieved only by changing the flare
or aperture dimensions. More structural changes are needed and the sidewalls should be

redesigned.

A new type of horn antenna, called a "pinwall" [3] or “grid” antenna is introduced to
provide a substantially constant beamwidth over a BW ratio of 4:1. The basic principle
behind this antenna lies in the replacement of horn sidewalls by properly positioning the
pins to allow higher frequencies to radiate from a small aperture while limiting lower
frequencies until larger apertures are reached. Since replacing the sidewalls of the flare
parallel to the E-field vector with conductive pins produces the H-plane (azimuth) pattern,
pinwalls designed with applied progressive curved conductive pins give better results
especially in H-sector. Unlike the study in [3], the ridges are used at the same time in our

design to expand the frequency band.

The main issue in this design is to determine the number of pins required, and to decide the
position of the pins. Several models with different number of pins and different distances
between the pins were previously tried, and the patterns were compared to achieve the
desired correct results [3]. 8, 12 and 24 pins-antennas obtained by arranging these pins in
different spaces were compared, and finally an antenna design with azimuth beamwidth
variation +4 degrees from 22 degrees was obtained. However, it was noticed that the beam
shapes were not very smooth and they observed a beam split in the high end of the

frequency band.

Initially, the points where the pins are to be positioned is determined. For this, the distance
between the pins is set to be the function of the frequency by considering the number of
pins. There are two possible approaches for this decision. We can divide the frequency
band linearly as well as logarithmically, which gives a uniform equal percentage increase
in pin spaces. Since it was previously determined that a minimum of 8 pins were required
[3], [59], we have started our design with the assumption of using 7, 8 and 10 pins. The
frequency band can be divided linearly and logarithmically as calculated values are given
in Tables 4.3, 4.4 and 4.5. Space-1 represents the half-wavelength distances corresponding

to the respective frequency point from 4.5 GHz to 18 GHz. Space-2 distances refer
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proportionally to the wavelength of the related frequency point of the total flare length.

Therefore, Space-1 depends only on frequency points, i.e. the number of pins to applied,

but Space-2 also depends on the flare length. Meanwhile, although the increase in

performance as the thickness of the pins decreases, it is taken as 3 mm instead of 1 mm for

ease of manufacturing. The distances between pins are calculated according to this

thickness and 182 mm flare length.

Table 4.3. Space dimensions of an antenna with 7 pins

Pin (Space) a-Linear b-Logarithmic
Number
Frequency | Space-1 Space-2 | Frequency | Space-1 | Space-2

(GH2) (mm) (mm) (GH2) (mm) (mm)
1 4.5 33.3 36.8 4.5 33.3 41.4
2 6.75 22.2 32.2 5.67 26.4 32.8
3 9 16.7 27.6 7.14 21 26.1
4 11.25 13.3 23 9 16.7 20.7
5 13.5 11.1 18.4 11.34 13.2 16.4
6 15.75 9.5 13.8 14.29 10.5 131
7 18 8.3 9.2 18 8.3 10.4

Table 4.4. Space dimensions of an antenna with 8 pins

Pin (Space) a-Linear b-Logarithmic
Number
Frequency | Space-1 Space-2 | Frequency | Space-1 | Space-2

(GHz) (mm) (mm) (GHz) (mm) (mm)
1 4.5 33.3 31.6 4.5 33.3 35.6
2 6.42 23.3 28.2 5.49 27.3 29.2
3 8.35 17.9 24.8 6.69 22.4 23.9
4 10.29 14.6 21.4 8.15 18.4 19.7
5 12.21 12.3 18.1 9.94 15.1 16.1
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6 14.14 10.6 14.7 12.11 12.4 13.2
7 16.07 9.3 11.3 14.77 10.2 10.9
8 18 8.3 7.9 18 8.33 8.9

Table 4.5. Space dimensions of an antenna with 10 pins

Pin (Space) a-Linear b-Logarithmic
Number
Frequency | Space-1 Space-2 | Frequency | Space-1 | Space-2

(GHz) (mm) (mm) (GHz2) (mm) (mm)
1 4.5 33.3 24.3 4.5 33.3 27.6
2 6 25 22.3 5.25 28.6 23.7
3 7.5 20 20.3 6.12 24.5 20.3
4 9 16.7 18.3 7.14 21 17.4
5 10.5 14.3 16.2 8.33 18 14.9
6 12 12.5 14.2 9.72 154 12.8
7 13.5 111 12.2 11.34 13.2 11
8 15 10 10.1 13.23 11.3 94
9 16.5 9.1 8.1 15.43 9.7 8
10 18 8.3 6.1 18 8.3 6.9

The number of pins is determined by looking at the first and the last pin spaces. As the

number of pins increased, the final distance at Space-2 got smaller and smaller (18 GHz),

that should be at a certain minimum level, approximately half-wavelength of the related

frequency point. When the number of pins is too small, the first Space-2 distance (4.5

GHz) got bigger and the difference between the half-wavelength of the corresponding

frequency is increasing, however there must be a limit. Thus, by dividing and comparing

the operating frequency band linearly and logarithmically, natural boundaries on the

number of pins are determined by the wavelengths of the lower and upper frequency points

to start the design.
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The antenna design is based on the 8-pin system where the lengths of space-1 and space-2
distances are closest to each other, and then this is compared with the designs made by
considering other pin numbers. Since the logarithmic distribution gives a uniform equal
percentage increase between the spaces, this approach is chosen. Meanwhile, the width of
the aperture at the location where the pins are located is adjusted to achieve the desired

beamwidth.

The simulated model and the specifications of the coax-fed pinwall DRHA are given in

Figure 4.4 and Table 4.6, respectively.

Figure 4.4. Different views of the coax-fed pinwall DRHA

Table 4.6. The specifications of the designed coax-fed pinwall DRHA

Frequency band (GHz) 45-18

Polarization Linear (Vertical)

Gain (dBi) 11.9-15.4

HPBW (Azimuth) (Degree) 35.1-28.1

HPBW (Elevation) (Degree) 40.5-32.2

Space dimensions (mm) 1: 35, 2: 28, 3: 23, 4: 18, 5: 15, 6:13,7: 11, 8: 9
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The similar coaxial-to-double ridged waveguide transformer as the feed structure of the
antenna designed in the previous Chapter 3.3 is used and the smooth impedance matching
is successfully accomplished. VSWR of the antenna is obtained less than 2 over the desired
frequency band, 4.5 - 18 GHz. The far-field radiation patterns according to simulation
results are given in Figure 4.5.

The variation of directivity and azimuth-elevation beamwidth values of the designed
pinwall DRHA according to the frequency are shown in Figure 4.6. The frequency along
the operating band of the antenna increases by 4 times, while 3-dB beamwidths of the
pinwall DRHA on the H- and E-plane vary by 1.25 and 1.26 times, respectively. These
ratios were 3.0 and 3.6 for DRHA designed in Chapter 3, 1.36 and 1.43 for the modified
DRHA. Thus, it can be noticed that the linear relationship (inverse proportion) between the
frequency and beamwidth is broken and a more stable constant beamwidth is obtained with

pinwall DRHA than the modified antenna.
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Figure 4.5. 3D, azimuth and elevation simulated far-field radiation patterns of designed

modified pinwall coax-fed DRHA
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As a summary of this section, first, the width of the aperture where the pins are located is
adjusted to achieve the desired beamwidth. The distance between the two pins is half-
wavelength of the corresponding frequency. The frequency points are chosen according to
number of the pins and this number is determined considering the result of comparisons in
the Table 4.3, 4.4 and 4.5. 8 pins are selected after examining the results and the
simulations. The arrangement is chosen as a logarithmic instead of linear, so that the

distances are equal in per cent, and the pins are placed at these points accordingly.

In addition to this pinwall design, it is possible to make a further improvement in H- plane
pattern. The improvement can be made by introducing a curved mouth that ensures the
wave-fronts for the short wavelengths radiation are as curved as those of longer ones [49].
However, since the sidewalls are not solid, the pins can be designed as curved instead of

straight line.

The simulated model and performance of the curved pinwall antenna is given in Table 4.7.
The curved pinwall antenna gives better results in the azimuth radiation pattern and
slightly worse results in the elevation pattern in terms of beamwidth constancy. The
HPBW variations of straight and curved pinwall antennas are compared in Figure 4.7.
However, since we will work on another structure to improve beamwidth constancy in E-
plane, we have decided to continue with this curved pinwall design due to its significant
development in H-plane. The curved pinwall antenna has perfect azimuth beamwidth

constancy with 31.0 + 1.6 degrees over the whole frequency band 4.5 to 18 GHz.

Table 4.7. The comparison of the parameters of straight and curved pinwall DRHAS

Straight pinwall Curved pinwall

Gain (dBi) 119154 12.2-15.3

HPBW (Azimuth) (Degree) 35.1-28.1 32.9-295

HPBW (Elevation) (Degree) 40.5-32.2 42.8-324
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Figure 4.7. The comparison of simulated (a) directivity and (b) HPBWs in the E-
(elevation) and H- (azimuth) planes

Replacing the sidewalls of the flare section parallel to the E-field with conductive pins
produces the H-plane pattern. The lowest frequencies are guided within the pinwalls to the
open end of the horn, but higher frequencies are radiated within the horn only until the
aperture is reached which produces the desired beamwidth and the energy leaks out
between the remaining pins. The flared solid metal walls parallel to the magnetic fields
produce the E-plane pattern. In fact, pinwalls designed with applied progressive conductive
pins produces good results in the elevation pattern as well as azimuth pattern. However,
another structure is needed to have more improvement. It cannot be possible to use pins in
these walls, thus another solution is needed to improve E-plane pattern. This solution will
be examined in the next section which can improve the phase error and pattern beamwidth

constancy.




75

4.2. CORRUGATED ANTENNA

In this section, a novel structure is presented to improve radiation patterns, especially E-
plane pattern for the design of wideband near-constant beamwidth rectangular horn
antenna. Therefore, the structure called corrugation which has been known and used to
support hybrid modes is used. They are the structures that are designed in a succession of

slots and ridges or teethes shown in Figure 4.8.
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Figure 4.8. Typical corrugation geometries (copied from [60 — 62])

Corrugations are usually applied to cylindrical or conical horns, which have relatively
simple boundary conditions due to their axial symmetry. The rectangular corrugated
geometries have received less attention because of the difficulty in satisfying the four
walls-corrugated boundary conditions. On the other hand, the rectangular corrugated
geometries present flexibility because of their radiation pattern variety [63]. The purpose
of the corrugated surface is to support the propagation of hybrid modes within the
cylindrical horn. Hybrid modes are basically a combination of TE and TM modes. The
horn must have anisotropic surface-reactance properties for this combination to provide
propagation with a common velocity. Corrugated horns can produce radiation patterns
having a characteristic properties such as very good axial symmetry, low cross-polarization
levels, low side-lobes, low return loss and high beam efficiency over a 1.5:1 frequency
band [13], [60], [64], [65]. These good features come from the balanced-hybrid mode,
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HEi1. The surface reactance presented by the slots must be capacitive to generate this
mode [64], [66]. The corrugated surface inside the antenna produces equal boundary
conditions for all polarizations. The resulting pattern is very close to a Gaussian-pattern
characteristic that satisfies aforementioned outstanding features [62]. Detailed information
and theoretical analysis on corrugated waveguides and antennas are found in many sources
[60], [62 — 64], [67 — 72].

We use corrugations only on the top and bottom walls of the flare because the pins were
used on the sidewalls of our antenna. Also for the first time with this antenna, the
corrugation structure will be used together with the ridges. Indeed, it should be noted that

the corrugations has not been used in a pinwall antenna before.

Some of the rules that should be followed generally in the design of corrugations for

conventional corrugated horn antennas are summarized as follows [22], [72]:

e Since the diffraction at the edge of the aperture in the H-plane is minimal, the
corrugations are generally not placed on the walls of this plane for rectangular

horns.

o For smaller flare angles, it is more convenient to open the vertical slots; while for
larger angles, the corrugations are placed perpendicular to the surface. However, in
general, vertical corrugation formation is preferred due to ease of production.

e Teethes of the corrugations should be as thin as possible and A/4 deep. These
structures behave as a transmission line that transform a short circuit into an open

circuit at the boundary, causing a relatively zero tangential magnetic field.

e The reactance of the corrugated surface used in the walls of a horn antenna must be
capacitive to minimize the tangential magnetic field parallel to the wall edges. Such

a surface will not support surface waves and will reduce diffraction.

e Slot depths less than A/4 generate inductive reactance which results in a
propagating surface wave mode. This mode causes high levels of cross

polarization.

e Gradual variation from a slot depth A/2 to A/4 from the waveguide to the aperture

can prevent the excitation of surface mode waves.
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Note that, the dimensions are given in terms of wavelength in here. Thus, normally
corrugated structures can be used in narrowband applications. Some extra structures are
needed to expand the useful bandwidth of the corrugations. Different design approaches
for broadband corrugated horns were examined in [60], [61], [73]. In most of the designs, a
waveguide profile at the lower end of the frequency band was proposed with a slot depth
greater than one quarter of the wavelength and less than half the wavelength at the high
end to obtain a BW ratio of 2:1 [74 — 76]. More complicated designs were also proposed in
the literature to increase the BW of corrugated horns, such as tapered corrugations with a
maximum bandwidth of 3:1 [67], a ring-loaded mode converter with a maximum BW ratio
of 2.4:1 [60], [61], [74] and a variable slot-to-teeth width mode converter with a maximum
BW ratio of 2.05:1 [61]. A corrugated horn antenna with a constant beamwidth over the
frequency band from 8 GHz to 18 GHz was presented in [72]. All of the broadband designs
mentioned above are quite complex design procedures. Moreover, mechanical
complexities, the accuracy and high costs are the other important concerns to be
considered. A corrugated structure design that yielded the desired bandwidth more than a

ratio of 3:1 is not reported in the open literature to our best knowledge.

The input impedance of the corrugations in conventional corrugated horn antennas is given

as follows

Z; = jZ,tan(Bd) (4.5)

where, d is a slot depth, Z, is the characteristic impedance of the slot and g is a
propagation constant in the slot. It can be obviously seen that Z, is continuously capacitive

only in the region

Ald< d< /2 (4.6)

due to the cyclic nature of the tangent function which is the reason of narrow bandwidth

(less than an octave) of the conventional corrugated horn antennas. It is necessary to design
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a slot shape such that Z; is independent of the tangent function, but dependent of a function
that does not change sign every quarter wavelength which makes a corrugated horn with a
bandwidth greater than 2:1 possible to overcome the bandwidth limitation.

The input impedance of a line of length d is given by the relation [66]

__AZ|+B
n = cz,+D

(4.7)

where, Z; is the load impedance, A, B, C and D are the transfer matrix parameters which

are obtained [66] using Ekstorm’s Z-matrix analysis [77] as

4 B0 @Uxa)zvo(b)—fo(b)zvl(a)] JZo1 1 (@N; (b) = J1 (b)Ny (a)] “8)
¢ Db b S Uo(@No(8) = Jo(D)No(@)] = [Jo(@)Ny(B) = J1(b)No(a)]

where, a = B/m, b = f/m(1 + md), d = length of the transmission line, Z,; and Z,, are
the characteristic impedances at the input and output terminals, respectively. By
substituting the (4.8) into the (4.7), Z;,, becomes as [66]

i (2L
_ Zo1Zoz J+(Zoz)ct(a,b)0(a.b)

Z. =
in 7L (ZZLLZ)ct(a,b)+jQ(a'b)

(4.9)

where, ct and Ct are the small and large cotangent radial functions and Q(a, b) is the ratio
of the small and large sine radial functions which are used in the analysis of radial

transmission lines [14].

For the short circuit, substituting Z, = 0 into the (4.9), the short-circuit input impedance is

obtained as
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ZSC = jZOlTn(a, b) (410)

where, Tn is the large radial tangent function. The normalized values of Z,,. against b-a are
calculated and plotted for different values of b/a in [66]. The case b/a=1 represents the
uniform transmission line with m=0 and Tn(a,a) reduces to tan(fd) as in (4.5). As a result,
the tapered slots such as b/a=10 will operate over the frequency bandwidth of 3:1. Despite
having a theoretical bandwidth of 3:1, the antenna designed in practice due to the limited
bandwidth of the ridged waveguide is still 2.4:1. The cross-section of tapered slot

corrugation horn used in [66] and its beamwidth characteristics are shown in Figure 4.9.
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Figure 4.9. (a) Schematic cross-section of tapered slot corrugated horn and (b) beamwidth

characteristics of designed antenna in [66]

The geometry of the proposed tapered slot waveguide-fed antenna based on similar theory
and geometry explained above is presented in Figure 4.10 and its simulation results are
given in 4.11. As can be seen from Figure 4.11, the beamwidth constancy is satisfied when
the bandwidth ratio of 3:1 is taken into account, i.e. 6-18 GHz frequency band. However,
the result is not particularly good at the beginning of the desired band when the operating
frequency band is expanded to more than a ratio of 3:1, specifically 4:1. Therefore, a
different corrugation structure design should be designed, which would further improve

especially the E-plane radiation pattern.
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Figure 4.10. The simulation model of tapered slot corrugated pinwall DRHA

HPBW vs frequency

20 801 T —oRua-Azimuth
=——DRHA-Elevation
18+ 70 =-e=-Tapered slot corrugated pinwall DRHA-Azimuth
<\ -®-Tapered slot corrugated pinwall DRHA-Elevation
607 1
g16 ) \
T )
< 50
z =)
.; 14 N’
£ Z 40
£ 1l =
A 30+
10 20t
—DRHA
= Tapered slot corrugated pinwall DRHA 10
8 I I I I I I I I I
6 8 10 12 14 16 18 5 10 15
Frequency (GHz) Frequency (GHz)
(@) (b)

Figure 4.11. The simulated (a) directivity and (b) HPBW results of tapered slot corrugated
pinwall DRHA

Ring-loaded corrugation structure is another option to broaden the useful frequency
bandwidth of corrugated waveguides and horns. A precise analysis of the RLCW was
made for circular waveguides [78]. The field components of RLCW and the field
distribution of the ring-loaded corrugated horns with small flare angle were derived in [78].
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Consequently, the useful frequency bandwidth was broadened 1.35 times than that in the
conventional corrugated horns which had a bandwidth of 2.55:1 by keeping the slot

admittance capacitive over an extended bandwidth by ring-loaded structure.

If the corrugated surface is suitable, then the antenna is capable of propagating hybrid
modes which means that the aperture field distribution previously considered in
determination of the H-plane dimensions can also be considered with a similar process to
be implemented for E-plane dimensions, i.e. aperture height. Our antenna is more
wideband when it is compared with the one given in [78]. Additionally, it is double ridged
horn, so aperture taper cannot be only determinant in this matter. Ridge profile is at least as
important as aperture taper. Thus, the procedure applied for the determination of H-plane
dimensions at the beginning of the pinwall antenna section, cannot be used to find aperture
height. However, if the wideband corrugation design is achieved for desired frequency

band, then these structures are used to improve the elevation pattern.

Use of simple conventional rectangular slots is restricted to octave bandwidth. The
application of the “L-shaped” slots to the E-plane walls is thought to be adaptation of ring-
loaded corrugations to the rectangular horn antenna [58]. This slot may be considered as a
combination of two rectangular slots that one slot with a depth d; and width w; and loaded
by another slot of depth d, and width w,. The form can also be in a different shape such as
“T-shaped”. This change does not affect the theory, but it can provide ease of manufacture
(Figure 4.12).
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Figure 4.12. (a) L-shaped slot (b) T-shaped slot (c) Equivalent circuit
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The input admittance of the slot was calculated using the equivalent circuit shown in
Figure 4.12-(c). Yo1, Yoo, Ys represent the characteristic admittance of the upper section,
the characteristic admittance of the lower section and the slot input admittance
respectively. B. is a susceptance to represent the step discontinuity between slot sections.
Applying transmission line theory to the equivalent circuit and using rectangular

waveguide step model given in [78], the slot line input admittance parameter was derived

as
% [Y;):T:an(ZHdl/)LS)tan(ZT;jZ)—YOZ—BCtan(2nd2/ls)] (4.11)
Yo1 [y01 tan( ASZ)+Y02tan(2nd1 /A5 )+B. tan(2md, /As)tan(2md, //‘ls)]
where,
Yoo = Yo1:_: (4.12)
A 1s the wavelength in the slot section that is presented by
As = s (4.13)

b is a transverse slot length and the step discontinuity susceptance, B, for the TE1; mode is

given as

a<1 (4.14)

B = -2 i {(52) (22)" ") 4 2
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where,

@ =w;/w, (4.15)
_ (1) 2¥ [14+{1-w2 /2977 (143a?)
¢= (1—a) [1—{1—(w2//15)2}0-5 (1-a?) (4.16)

For @ > 1, B, is given by replacing w; by wj.

The T-shaped corrugation design of the E-plane walls of the corrugated horn antenna with
a BW ratio of 2.4:1 was implemented using these equations and the principle that the width
of the slots must be about one tenth of the wavelength which the detailed design process
could be accessed from the study in [58]. However, our desired frequency range is still not
reached.

Therefore, a new corrugation design called “stepped-shape” is planned with the addition of

one more section shown in Figure 4.13 to expand the frequency band in a similar manner.

In the final version, the slot input admittance Yi, is obtained using transmission line theory
in terms of the input admittance of T-shaped corrugation equivalent circuit with a notation

used in Figure 4.13 as

YiTL _ YL+jY01tan(27Td1//15)

Yor  Yoi+jYrtan(2mds/As) (4.17)
and
Yoo = Youg, = Yoag,; (4.18)
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where, Yy, Yo2, Y3 are the characteristic admittances; w;, w,, ws are the widths of the slot
sections respectively, Y; is the input admittance while looking the circuit just before the top
section including the step discontinuity between the top and middle sections, B.;, and Y is

the input slot admittance of the bottom 2 sections which is given in (4.11).
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Figure 4.13. (a) Stepped-shape slot (b) Equivalent circuits in progressive steps

It should be noted that the indices of the parameters used in (4.11), (4.12) and (4.14)

should be changed from 01 to 02, 02 to 03 which correspond to the following equations

5(az+—
Bey = — 2 [ln {(i) (“—“)0 (a2+“2)} + Qizl Jay < 1 (4.19)

1-ay
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0, = (1+a2)2“2 1+{1—(w3//1s)2}0'5 _ (1+3a3?) (4.20)

27 \-ay 1-{1-(w3/25) 25| (1-a;?) '
afz = Wz/W3 (421)

And (4.17) is derived as follows

Yﬂ — JBc1+YsYo2+jYotan(2md, / As) (4 22)

Yo  Yo1+j(Bc1t+YsYor)tan(2mdy/As) '
_ JBc1+YsYo2+jYo tan(2md, / As) (4 23)

Yo1—Beitan(2md, /As)+jYsYootan(2md, /Ag) '

[Yo2 tan(anz/As)tan(zfld3)—Y03—Bcz tan(2md3/As))
JBc1+Yoz2j Znds £ +jYo tan(2md, /1)

[Yoz tan( s )+Y03tan(211:d2//13 )+Bc2 tan(2nd2/ls)tan(2nd3/As)] (4 24)

[Yo2 tan(2nd2/As)tan(zﬁd3)—Y03—Bcz tan(2md3/As)] '

Yo1—Bc1 tan(2md, /As)+j = Yoatan(2md, /As)

[Y02 tan(zzz3)+Y03 tan(2mdy/As )+Bc tan(2nd2/ls)tan(2nd3//15)]

where, B, represents the step discontinuity with the slot sections 1 and 2, which has the
same equation with B_, replacing w; by w,, Yy5 by Yy,, a, by a, and Q, by Q in (4.19). «
and Q parameters are given in (4.20) and (4.21).

A top section width of w;= 0.75mm was chosen which is approximately Amax/20 at higher
end of the frequency band for the slot design with a new structure called “stepped-shape
slot”. Equation (4.24) is used to compute Yy, for different total slot depths d;+d,+d3 and for
each slot depth dy, ds, w,, ws are varied independently to maximize the capacitive region
over the band. The important issue in here is the total depth is A0/4 at midband frequencies

corresponding to the range 8.5 — 9 mm, that is about the total length required.
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It is found that Y, can be at capacitive region over the band by suitable combination of the
parameters d,, ds, W, ws for each slot depth. In addition, since the result obtained from
[66], the tapered slots having a ratio of b/a=10 can operate over the frequency bandwidth
of 3:1, ws was chosen as approximately 10 — 12 times w; that corresponded to interval 7 —
9 mm. Figure 4.14 shows the variation of Y;,/Y ¢, over the frequency band ratio of 6:1 (4.5
— 27 GHz) for the chosen slot parameters and for different transverse lengths used in the E-
plane wall design. It can be seen from the Figure 4.14, while the T-shaped corrugation
designed in the article [58] had a ratio of approximately 2.4:1, the novel stepped-shape slot
we designed can perform a capacitive effect along the desired frequency band (4.5 GHz —
18 GHz). Another important point is the distance between corrugations. This spacing was
determined by mechanical and manufacturing considerations of the distance between the
bottom sections of adjacent slots. The distance between the centers of two adjacent lower

sections was 15.4 mm (wall thickness between them 5.9 mm).

———T T e T .
B ST

-10/ -~ T_shaped slot
|—Stepped-shaped slot
------- Conventional slot

_309." " Stepped-shaped slot with different slot length ‘
8.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Frequency (Hz)

Normalized Input Admittance
)

Figure 4.14. Normalized input admittances for different type of corrugations along the
frequency band: 4.5 — 22 GHz

In Figure 4.14, the red and green lines are displayed using the determined slot dimension
parameters of stepped-shape slot: d;=2.5mm_ d,=3.5mm, d3=3.5mm, w;=0.75mm
wo=5mm, w3=8.5mm with different transverse lengths b= 2.54¢ and b=7.5A,, respectively.

It is obvious that the transverse lengths do not practically affect the capacitive region. As it
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Is demonstrated that the capacitive band limits do not depend on the transverse slot lengths,
the length of the corrugations applied to the E- plane walls are adjusted to have the same
length with flare width except ridge thickness considering the manufacturing process. The
blue line represents the conventional slot with dimensions obtained according to the
following equations. The conventional slot parameters are taken as w = 0.0754, and
d =0.31,

w<— (4.25)

With a condition (4.26)

Ao/A < d < A/2 (4.26)

The input slot admittance is found as follows

(4.27)

Yin—conventionat = —J

The black line in Figure 4.14 is plotted for T-shaped slot with dimensions found in [58].
Our results also support the results of the study given in [58] and it can be noticed that the
T-shaped slot only provides a bandwidth ratio of about 2.4:1. On the other hand, a novel
designed geometry called stepped-shape slot satisfies wider frequency band which
included approximately 4.5 — 19 GHz. In this band, this corrugation keeps the slot

admittance capacitive by the addition of third section.

A reasonable corrugated wall length is determined to obtain best radiation pattern and
VSWR parameter. Various numbers of slots were placed within this wall length, and the

radiation pattern results were examined and optimum results in terms of beamwidth
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constancy were obtained. In addition, having a smooth plane before the corrugations
started at the beginning of the flare, has a positive effect on the VSWR parameter and
elevation radiation patterns. According to the analysis, we have decided to use 4 stepped-
shape slots. Another section called “shaped-flare is designed on the E-plane wall and it is
added beyond the corrugated and smooth plane. This section will provide the throat
aperture to improve impedance matching especially at high-end points of the frequency
band.

The simulation model obtained according to the design process and dimensions described

in detail above is given in Figure 4.15. The VSWR parameter and the far-field radiation
patterns according to the simulation results are given in Figure 4.16 and Figure 4.17.

| |

===

i

(d)

Figure 4.15. (a) Perspective (b) side (c) front view of the designed curved pinwall
corrugated shaped-flare DRHA (NCBWHA) and (d) cross-section of stepped-shape slots
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Figure 4.17. The simulated 3D, azimuth and elevation co-polarized far-field radiation

patterns of NCBWHA

The directivity and azimuth-elevation beamwidth variation are given and they are
compared with previously designed DRHA in Figure 4.18.

NCBWHA is a highly improved antenna in terms of the phase center variation compared to

conventional DRHA given in Chapter 3. The phase center changes approximately 15 mm

between the ends of the frequency bands. This value was 35 mm for conventional DRHA

and 80 mm for log-periodic antenna.
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HPBW vs Frequency
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Figure 4.18. The comparison of simulated (a) directivity and (b) HPBWs in the E- and H-

planes of DRHA and NCBWHA
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5. ANTENNA MEASUREMENTS

Following successful simulation results, the production files of the designed antennas
(coax-fed curved pinwall DRHA and NCBWHA) are prepared and the antennas are
produced. The details of the production ready views are given in Appendix A and
Appendix B. The manufactured curved pinwall antenna and NCBWHA are presented in
Figure 5.1 and Figure 5.2, respectively.

@ o

Figure 5.1. Different views of the manufactured coax-fed curved pinwall DRHA
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(©) (d)

Figure 5.2. Different views of the manufactured coax-fed NCBWHA

The measurements of radiation patterns were performed in an anechoic chamber using the
commercially available Spherical Near-Field (SNF) measurement system at TUBITAK,
BILGEM, ATAM. The anechoic chamber is shown in Figure 5.3 and the specifications of
the SNF measurement system at TUBITAK are given in Table 5.1. Near-field methods
allow determining the complete characterization of the antenna performance that includes
the antenna gain, 2D-3D radiation patterns, and polarization measurements with high

accuracy.
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Figure 5.3. Anechoic chamber

Table 5.1. The specifications of the SNF measurement system

Parameters SNF Measurement System
Chamber Dimensions (m) (L x W x H) 7.5x4.7x3.3
Maximum dimension of antenna under test (AUT) (m) 1.5

Maximum weight of AUT (kg) 75

Scanning type Spherical
Frequency range (GHz) 0.75-40

3D, 2D radiation patterns and antenna gain are measured in SNF system. Antennas under

test are given in Figure 5.4.




95

(b)

Figure 5.4. (a) Coax-fed curved pinwall DRHA (b) NCBWHA under test in anechoic
chamber

Initially, the simulation and measurement results of the manufactured antennas are

compared for 3 different frequency points that indicate the beginning (4.5 GHz), center
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(11.25 GHz) and end (18 GHz) of the band to check the accuracy of the simulations and
how the production matched the design.

4.5 GHz H-plane radiation pattern
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Figure 5.5. The comparison of simulated and measured 4.5 GHz radiation patterns of coax-
fed curved pinwall DRHA (a) H-plane (Azimuth) (b) E-plane (Elevation)
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11.25 GHz H-plane radiation pattern

[—
=

—Measurement
—Simulation

Lok
= = =
T T T

Normalized Directivity (dBi)
L
< = 2

| | |
=200 -150 -100 -50 0 50 100 150 200
Angle (Degrees)
(@)
11.25 GHz E-plane radiation pattern

—
=

—Measurement
—Simulation

Lok
= = =
T T T

Normalized Directivity (dBi)
&
=

-40|
-50- .
-60!
_7 1 | | | | 1
-200 -150 -100 -50 0 50 100 150 200
Angle (Degrees)
(b)

Figure 5.6. The comparison of simulated and measured 11.25 GHz radiation patterns of

coax-fed curved pinwall DRHA (a) H-plane (Azimuth) (b) E-plane (Elevation)
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18 GHz H-plane radiation pattern
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Figure 5.7. The comparison of simulated and measured 18 GHz radiation patterns of coax-
fed curved pinwall DRHA (a) H-plane (Azimuth) (b) E-plane (Elevation)
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Figure 5.8. The comparison of simulated and measured 4.5 GHz radiation patterns of

NCBWHA (a) H-plane (Azimuth) (b) E-plane (Elevation)
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11.25 GHz H-plane radiation pattern
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Figure 5.9. The comparison of simulated and measured 11.25 GHz radiation patterns of

NCBWHA (a) H-plane (Azimuth) (b) E-plane (Elevation)
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18 GHz H-plane radiation pattern
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Figure 5.10. The comparison of simulated and measured 18 GHz radiation patterns of

NCBWHA (a) H-plane (Azimuth) (b) E-plane (Elevation)

The comparison results of radiation patterns are presented from Figure 5.5 to Figure 5.10.

It can be seen that the simulations are very successful. Although the results of the

simulations and the measurements matches perfectly, a difference between the results are

noticed after =150 degrees. This is because azimuth axis rotator and mount of the antenna

under test causes pattern blockage. Although the SNF measurement system can measure

almost 360° coverage in azimuth and elevation, the system is not very suitable to

determine the back-lobe pattern of the antenna. The back -lobe pattern is typically blocked
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by the positioner/rotating system and limits the azimuth coverage to +£150° [79]. Thus, the
measurement discrepancies given in Figure 5.5 to Figure 5.10 are observed after +150
degrees, because it corresponded to the area surrounded by the absorber material in
positioner and thus the antenna can not receive the signal. The mismatching between the
simulated and measured back-lobe patterns results from the above-mentioned measurement

system error.

The directivities and VSWR results of the manufactured antennas are given in Figure 5.11.
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Figure 5.11. The comparison of simulated and measured (a) directivity and (b) VSWR
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It can be noticed that, the simulated and measured directivity results of the antennas are
very similar as in the radiation patterns. The measured VSWR results are also below the
value of 2.5, providing the antenna design specification, while 40 per cent of the frequency
band is less than 1.5, 59 per cent of the frequency band is less than 2 and only 1 per cent of
the frequency band is between 2 and 2.3.

Co- and cross- polarized E- and H- plane radiation patterns of the curved pinwall antenna
and NCBWHA are given at 10 different frequency points in the whole band (Figure 5.12
and Figure 5.13).
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Figure 5.12. Co- and cross-polarized H- and E- plane measured radiation diagrams of
coax-fed curved pinwall DRHA (a) 4.5 GHz, (b) 6 GHz, (c) 7.5 GHz, (d) 9 GHz, (e) 10.5
GHz, (f) 12 GHz, (g) 13.5 GHz, (h) 15 GHz, (i) 16.5 GHz, (j) 18 GHz
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Figure 5.13. Co- and cross-polarized H- and E- plane measured radiation diagrams of
NCBWHA (a) 4.5 GHz, (b) 6 GHz, (c) 7.5 GHz, (d) 9 GHz, (e) 10.5 GHz, (f) 12 GHz, (g)
13.5 GHz, (h) 15 GHz, (i) 16.5 GHz, (j) 18 GHz

We have also looked at the 3D radiation patterns to see if there is any distortion of the

pattern in any axis other than azimuth and elevation sections (Figure 5.14 and Figure 5.15).
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Figure 5.14. 3D radiation diagrams of coax-fed curved pinwall DRHA (a) 4.5 GHz, (b) 6
GHz, (¢) 7.5 GHz, (d) 9 GHz, (e) 10.5 GHz, (f) 12 GHz, (g) 13.5 GHz, (h) 15 GHz, (i)
16.5 GHz, (j) 18 GHz
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Figure 5.15. 3D radiation diagrams of NCBWHA (a) 4.5 GHz, (b) 6 GHz, (c) 7.5 GHz, (d)
9 GHz, (e) 10.5 GHz, (f) 12 GHz, (g) 13.5 GHz, (h) 15 GHz, (i) 16.5 GHz, (j) 18 GHz

HPBW-frequency variation of the antennas are presented in Figure 5.16 and Figure 5.17.
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E-plane 3-dB Beamwidth vs. Frequency
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Figure 5.16. The comparison of HPBW-frequency variation of DRHA, curved pinwall
DRHA and NCBWHA (a) H-plane (b) E-plane
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Figure 5.17. The variation of H- and E- plane normalized 3-dB beamwidths of NCBWHA
and DRHA along the frequency band: 4.5 — 18 GHz
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Figure 5.16 shows that although the beamwidth variation and pattern smoothness in both
azimuth and elevation are close to each other, NCBWHA is slightly better, especially in E-
plane. The E- and H-plane 3-dB beamwidth is also drawn as normalized to average value
of HPBWs to see the variation along the operating frequency band and to emphasize the
difference between NCBWHA and conventional DRHA (Figure 5.17). It is evident from
Figures 5.16 and 5.17 that the intended constant beamwidth is provided along the desired
wideband.

Finally, the measured gains of the manufactured curved pinwall DRHA and NCBWHA are
compared with conventional DRHA in Figure 5.18. The gains of the antennas are
measured by comparison method in an anechoic chamber. First, previously determined and
verified SGHA pattern measurements are performed in the same system to determine the
field values. Then, the radiation pattern measurements of our manufactured antennas are
performed and the gains of antennas are calculated from the comparison of field values of
SGHA and manufactured antennas. The results are shown in Figure 5.18.

Gain vs. Frequency
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Figure 5.18. The comparison of gain variation along the frequency band: Curved pinwall
DRHA, NCBWHA and DRHA
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The change in critical antenna parameters and the improvement in beamwidth constancy
from the first designed broadband antenna to the recently designed NCBWHA are
presented in Table 5.2.

Table 5.2. The comparison of the parameters of DRHA, curved pinwall DRHA and

NCBWHA

DRHA Curved pinwall DRHA | NCBWHA
Gain (dBi) 8.7-184 1129167 12.9-16.7
HPBW (Azimuth) (Degree) 18.4-55.4 | 28.2-33.6 28.5-33.5
HPBW (Elevation) (Degree) |19.8-72.1 | 295-42.9 32.2-42.6

Furthermore, the comparison of beamwidth variation of different antennas is given in

Table 5.3.

Table 5.3. The H-plane beamwidth variations of six different wideband near-constant
beamwidth antennas and X-band SGHA

Designed [3]* [80] [72] [58] | DRHA | X band

NCBWHA SGHA
Bandwidth 4:1 4:1 2251 | 2251 | 24:1 4:1 1.5:1
Ratio
Beamwidth +8 +13 +14 +13 +12 +50 + 17

Variation (%)

*Major lobe was split and multilobe characteristics appeared.

As a result of the design, the radiation pattern quality of NCBWHA, which includes pattern
shape, beamwidth constancy, and side-lobe levels are far better than other designs

providing a wide frequency band given in Table 5.3. In fact, there ss no previously
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designed antenna with a frequency band of ratio 4:1 with beamwidth constancy feature.
However, designed curved pinwall, stepped-shape corrugated, shaped-flare DRHA is even
better than the narrower bandwidth antennas given in the literature. The measured H- and
E- plane beamwidths have an average value of 31.0° and 37.4° with an associated standard
deviation of 2.5° and 5.2° over the whole frequency band respectively. Table 5.2 shows
that the frequency along the operating band of the antenna increases by 4 times (4.5 to 18
GHz), while half power beamwidths on the H- and E-plane vary by 1.17 and 1.32 times,
respectively. Note that these ratios were 3.01 and 3.65 for the previously designed
conventional DRHA (given in Chapter 3.2), 1.36 and 1.43 for the modified DRHA (given
in Chapter 4.1), 1.19 and 1.45 for curved pinwall DRHA (given in Chapter 4.1).



115

6. CONCLUSIONS

In this study, we have designed a new 4.5 — 18 GHz near-constant beamwidth curved

pinwall corrugated DRHA. Comprehensive design methodology is also presented.

Initially, we have examined waveguide and ridged waveguide structures, then we have
designed an X-band SGHA and conventional DRHA to observe the characteristics of the
horns and used them as references for beamwidth variation of the horns through the
operating band. Later, we have investigated the requirements to achieve the constant

beamwidth feature in detail.

It is possible to divide the proposed design process into four stages, i) conventional X-band
SGHA and DRHA design including desired frequency band, 4.5 — 18 GHz, ii) modification
of the conventional DRHA: adjustment of the flare including the aperture width, height,
throat length and redesign of ridge profile, iii) the replacement of horn sidewalls by
properly positioned pins: the pins can be designed as curved instead of straight line, and iv)
E-plane walls are corrugated with a new wideband slot called “stepped-shape” and addition

of section called “shaped-flare”.

It is important to note that the derived expressions and the proposed design method present

a simple and accurate way to design a constant beamwidth wideband horn antenna.

The most important points of the design are finding the location of the pins, and
determining wideband slot design. First, we adjust the width of the aperture where the pins
are located to achieve the desired beamwidth. Then, we arrange the distance between the
two pins to be half-wavelength of the corresponding frequency. We choose the frequency
points according to number of the pins, and 8 pins number is determined by looking at the
results of the calculations and the simulations. We choose the arrangement as a logarithmic
instead of linear, so that the distances are equal in per cent, and the pins are placed at these
points accordingly. Additionally, we include the curved pinwalls instead of straight pins to
make a further improvement in H-plane constant beamwidth. Further improvements to the
E-plane beamwidths as well as H-plane necessitate a better understanding of the E-plane
boundary conditions and need structural change. Thus, we introduce a new corrugation slot

in E-plane walls called “stepped-shape”. We derive the input admittance expression of a
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new slot and compare it with the conventional ones. It is seen that, this new slot design
provides approximately 2 times more bandwidth. Meanwhile, we design double ridged

waveguide-to-coaxial adapter for impedance matching around 50 Q.

We perform the electromagnetic simulations of the designed antenna using CST
Microwave Studio. Two of designed antennas are manufactured and the antenna
parameters such as radiation pattern, VSWR, gain and HPBW variations along the desired
band are measured. The radiation pattern measurements are performed in an anechoic
chamber at TUBITAK, ATAM using the spherical near-field measurement system. We
observed that the measurement results of 2D H-plane and E-plane radiation patterns are in
a good agreement with the ones obtained in simulations. Furthermore, directivities of

simulated and measured antennas are also similar.

We have obtained a horn antenna which presents a ratio of 4:1 wideband characteristics
with 31.0° = 2.5° H-plane 3-dB beamwidth (£8.0 per cent variation about mean HPBW).
Similar parameter values for E-plane 3-dB beamwidth are 37.4° + 5.2°, which corresponds

to +13.9 per cent variation.

It is possible to use the methodology outlined in the study to design a DRHA to be used as
an antenna array element in broadband DF systems which require relatively high boresight

gain and 3-dB beamwidth constancy.
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7. FUTURE WORK

The designed NCBWHA is a single linear polarized horn antenna. It is possible to
investigate the dual or circular polarized constant beamwidth horn antenna design for some
DF systems and reflector antenna applications. There is a need to investigate how the
proposed structures in this study can be used in quad ridged horn antennas (QRHA) and

how they can be adapted to these antennas.

Furthermore, a horn antenna design similar to the one in this study can be proposed, but
with a wider beamwidth as a reflector antenna feed. As we mentioned at the beginning of
the dissertation, one of the two important application areas of the constant beamwidth horn
antenna is the reflector antenna feed. In this study, we aimed to design 3-dB beamwidth
around 30 degrees. Although 10-dB beamwidth parameter is important for reflector
designs, designed NCBWHA can be considered as having a narrow beam for using it as a
reflector feed. Therefore, a new constant beamwidth horn antenna with a wider beamwidth

can be designed.
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APPENDIX A: PRODUCTION PACKAGE OF CURVED PINWALL
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APPENDIX B: PRODUCTION PACKAGE OF NCBWHA

Figure B.1. Bottom part
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Figure B.2. Top part

Figure B.3. Side part
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