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ABSTRACT
The aim of this thesis was to develop a novel design for a phased array antenna
especially considering a circular geometry at 50 MHz, while an Optimized Wideband
Antenna Yagi (OWA Yagi) was used as an antenna array element. Examples of
successful simulation results have been shown which include optimization of element
spacing and radiation pattern analysis.
For radar systems, this design gives a better way to implement the antenna array
via a series of simulations. The electromagnetic solver FEKO and the Phased Array
Toolbox of MATLAB from Mathworks have been used extensively to generate,
optimize, and validate the results as per expectation. Along with this novel technique, this
thesis also provides the background of the FEKO code and the newly developed
MATLAB Phased Array Toolbox. A separate section has been allocated to display the
results of FEKO and MATLAB.
Analytic discussion of the results is provided after the graphical display of the
modeling and simulation, where the effect of array element spacing on the overall gain
and radiation pattern is discussed. To minimize the effect of mutual coupling between
antenna array elements, triangular lattices are incorporated. The approximate cost of each
Yagi has also been given. At the end of the thesis, a brief summary of this current work
and the future tasks are discussed.
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Chapter 1
Introduction
To achieve a desired radiation pattern, times of World War II saw the early
transmitters in radar which used multiple radiating elements. Then came the mechanically
scanning phased array with much slow and inflexible mechanical steering. It was too
difficult to steer the beam mechanically in the desired direction as the antenna weighed
thousands of pounds. This problem led to the discovery of the electronically scanning
array where the beam can be steered in the desired direction without moving it
mechanically. Thereafter, new developments are being made to steer the radar beam with
better flexibility and faster speed at low cost.

A phased array is a directive antenna made with individual radiating sources
(several units to thousands of elements). Radiating elements might be dipoles, microstrip
patch antennas, open-ended waveguides, slotted waveguides, helices, spirals, etc. The
shape and direction of the pattern are determined by the relative amplitudes and phases
applied to each radiating element. A phased array antenna offers the possibility to steer
the beam by means of electronic control (a dedicated computer is required). It can be
observed that in-phase signals reinforce and out-of-phase signals are destroyed. Thus, if
two elements emit a signal in the same timing, as a superimposition is achieved - the
signal is amplified in the main direction and weakened in the side direction. Figure 1-1,
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shows an antenna as a part of a radar system. In following block diagram a mechanically
scanning dish for target detection is shown [1].

Figure 1-1. Basic radar system

1.1 Background
This thesis was developed on the basis of one proposed project at the Institute of
Radio Physics, University of Calcutta-India. It aims to build a radar system to advance
the knowledge of dynamical and electrodynamical coupling processes in the equatorial
atmosphere from the near-surface region to the upper atmosphere.
This thesis addresses the antenna design aspect of the proposed project. The
details of the project are as follows. The foundation for the proposed Indian project has
been taken from the reference article [2] where the description of the Equatorial
Atmosphere Radar (EAR) system has been given, developed in Indonesia in 2001. In this
thesis, the ways to increase antenna efficiency and to optimize the antenna design
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parameters have been described. The EAR system was developed in Indonesia in 2001[2]
and is similar to the MU (Middle and Upper atmosphere) radar [3] developed in Japan in
1984 with some advanced level modifications. Details about the MU radar and EAR are
presented in the next section.

1.1.1 EAR (Equatorial Atmosphere Radar) Indonesia-2001
The Equatorial Atmosphere Radar (EAR), a VHF Doppler radar with an active
phased-array antenna system implemented, was set up at the equator in West Sumatra,
Indonesia. This radar works at 47.0 MHz with a maximum output power of 100 kW. It is
a planar circular array of around 110 meters diameter with 560 three element Yagis used.
A solid-state transmitter/receiver module drives each antenna. This mechanism helps the
antenna beam to steer electronically to the target up to 5000 times/second. The main
purpose of the EAR is to have knowledge of electrodynamical coupling processes
happening in the equatorial atmosphere between near-surface regions and the upper
atmosphere. There is a specific significance of this particular spot in Indonesia as it is
believed to play a pivotal role in the Earth’s atmosphere globally.
The EAR was developed to use for the following purposes: (1) measuring the
wind field of the lower stratospheric and tropospheric up to 20 km altitude, (2) aiming the
antenna beam to any directions within 30° from zenith to study the detailed 3D structure
of small-scale processes happening in the equatorial atmosphere[4], (3) measuring
temperature altitude profiles by using the radio acoustic technique [5] and many more.
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The hardware of the EAR consists of five main subsystems: 1) antenna arrayANT, 2) transmitter and receiver-TRX, 3) signal modulator and demodulator-SMD, 4)
signal processor-SP and 5) host computer-HC. Figure 1-2 [2] shows the schematic block
diagram of the EAR system. The antenna design aspect of this EAR has been taken into
consideration while working on this project, which is explained in upcoming chapters.

Figure 1-2. Schematic block diagram of the Equatorial Atmosphere Radar (EAR) system
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(a)

(b)
Figure 1-3. (a) A view of EAR, (b) Three-element Yagi antennas are shown, each with a
transmitter-receiver module (TR modules) mounted, near the ground, on the pole.

The whole antenna array system and individual elements are visible in Figure 1-3
(a) and Figure 1-3(b) [2] while important features are shown in Table 1-1. It uses a
triangular lattice structure for deployment of the antenna array with each equilateral
triangular side being the length of 4.5m, i.e. 0.7λ, which is shown in Figure 1-5[2]. The
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advantage of having this lattice structure is that no major grating lobe is generated at
beam positions within 30º of zenith. The voltage standing wave ratio (VSWR) is also
kept at less than 2.0. The array uses linear polarization.

Table 1-1. EAR specifications
Radar system

Monostatic pulse Doppler radar

Operating frequency

47.0 MHz

Antenna

Quasi-circular antenna array of 560 three-element Yagi

Array element spacing

0.7λ

Gain

33 dBi

Aperture

110 m in diameter

Beam width

3.4 degrees (half power width; one way)

Peak power

100 kW

Polarization

Linear
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Figure 1-4. The EAR antenna array, each dot represents the location of a three-element
Yagi antenna and TR module.

1.1.2 MU (Middle and Upper Atmosphere) Radar, Japan-1984
The EAR system has many things in common with the MU radar, which was built
in Japan in 1984[3], but it uses a few new ideas where special efforts have been made to
modularize all subsystems and sectional units by implementing commercially available
devices, where possible.
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The MST (mesosphere-stratosphere-troposphere) radars, which are sensitive
VHF/UHF band Doppler radars are very pivotal in analysis of processes happening in the
altitude range of (2-10) km and (10-100) km. These ranges are known as the planetary
boundary level and middle atmosphere respectively. The MU radar is one of these kinds
of radars, which was built in 1984 in Shinga, Japan by Kyoto University, and it was
named as the MU radar due to this radar was supposed to be mainly investigating these
altitude ranges.
A very important feature of this system is its active phased array system, which
was the first of its kind in the world. In conventional systems, a high power transmitter
provides a source for all array elements via a cascading network of feeds. In the MU
radar, an active system is used where each element is fed via a low power amplifier.
Another important aspect is that entire array network is divided into independent
subarrays, which lets it perform very fast and with continuous beam steering. This system
comes with

low signal

level

phase shifters and low signal

level

signal

division/combination. These system advantages allow it to fulfil its primary goal, which
is to examine the 3D structure of atmospheric waves and turbulence in mesoscale and
microscale.
The MU radar system is a monostatic radar with an active phased array system.
Its important features are shown in Table 1-2. This system is made of 475 array elements
and the same number of transmitter and receiver (TR) modules. The entire system can be
decomposed into 25 groups; each group is made of 19 array elements and 19 transmitter
and receiver modules. Each array element is made of two orthogonally crossed three-
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subelement Yagis pointed towards zenith. A polarization selection switch is provided in
each TR module.
Table 1-2. MU Radar specification
Radar system

Monostatic pulse radar

Operating frequency

46.5 MHz

Antenna

A circular array of 475 crossed Yagis

Array element spacing

0.7λ

Gain

32 dBi

Aperture

103m in diameter

Beam width

3.6 degrees (half power width; one way)

Peak power

1000 kW

The array configuration is almost circular, so symmetric side lobes can be
obtained with respect to the zenith. A triangular lattice is used for the array that allows a
wider range of antenna beam steering compared to a rectangular lattice. The element
spacing has been kept at 0.7λ, for which no grating lobes are formed in the case of θ=40º,
i.e. up to 40º away from the zenith. As stated earlier, there are 25 subgroups containing
19 array elements, each with an equal number of TR modules. A total of 19 of these
groups are deployed in the hexagonal subarrays which comprise the major part of array.
The remaining 6 subarrays are distributed throughout the entire geometry to give an
almost circular periphery. As a result the system has a gain of around 32 dBi and the first
sidelobe is 18 dBi down with respect to main lobe.

10

1.2 Antenna Array Basics
The basics of antenna arrays, in particular phased arrays, will be presented in this
section. This section includes classification of arrays, applications, and the basic
mathematical concepts of the same followed by basic properties of linear and planar
arrays.

1.2.1 Different types of phased arrays
The collection of radiators can be any of the following types such as linear arrays,
planar arrays, frequency-dependent beam steering arrays, and conformal arrays.
Linear array: Elements are arranged in a straight line in one dimension. The
array may also consist of transmission lines or waveguides with a phase shifters which
controls the phases. It is required to have a phase shifter per antenna line. When many
linear arrays are deployed horizontally or vertically, it becomes a planar array.
Planar array: A planar phased array consists entirely of separate elements where
each individual antenna requires its own phase shifter. The planar arrangement of all
elements forms the complete array.
Frequency-dependent beam steering: Frequency-dependent beam steering is a
special case of a phased array antenna in which the beam is controlled by the
transmission frequency. The beam deflection is a function of frequency. Here, a vertical
antenna array is serially fed, and on the fundamental frequency, all emitters will be in
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phase. The resulting beam is thus perpendicular to the antenna plane. If the transmit
frequency is increased by a few percent the constructive fixed length of phasing lines will
no longer be the same, so the bypass line will now be a bit too long. There occurs a phase
shift of emitters and the first radiator can radiate a few percent more than the next
adjacent radiators, etc. The resulting beam is thus at a certain angle θ. This type of beam
steering is very simple, but is limited to a few fixed transmission frequencies. In addition
this methods has other limitations like insufficient bandwidth for pulse compression.
Conformal Array: Distribution of elements is on a non-planar surface.

1.2.2 Applications of Phased Arrays
Ground based multi-function radar
Airborne radar for surveillance
Spaceborne SAR and communications for remote Sensing
Radio astronomy

1.2.3 Basic Array Concept
Two element array: Two horizontal infinitesimal dipoles have been put along
the z-axis, as shown in Figure 1-5 (a) [6]. Assuming no mutual coupling, the total E field
radiated by the elements will be equal to the sum of the two, and in the y-z plane, it is
given by
kIl

E = E1 + E2 = jη 4π {

e−j(kr1 −β/2)
r1

+

e−j(kr2 +β/2)
r2

}

(1)
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Here, β is the phase excitation difference between elements, d is the spacing
between elements, and k is the wave number. Assuming far-field observations and
referring to Figure 1-5 (b) [6], it can be written for any phase variation,
d

d

r1 = r – 2 (cosθ), r2 = r + 2 cosθ and r1 = r2 = r. Hence, Equation 1 reduces to
kIl

1

E = E1 + E2 = jη 4π ∗ cosθ * [2 cos[2 (kdcosθ + β)]]

(2)

It is clear from Equation 2 that the resultant field of the array is equal to the field
due to single element sitting at origin multiplied by a factor which is widely known as the
array factor. Thus, for the two-element array of uniform amplitude, the array factor is
written as
1

AF = [2 cos[2 (kdcosθ + β)]

(3)

The array factor depends on the geometry of the array and the excitation phase.
Following are the ways to control an array: 1) vary the separation-d and/or 2) vary the βphase between the elements. In the case of a uniform 2 element array the far-zone field is
the multiplication of two terms: 1) field of a single element at a given reference point 2)
array factor of that array. Hence,
E (total) = [E (single element at reference point)] × [array factor]

(4)

This is known as pattern multiplication for arrays of identical elements. This is
also true for arrays with any number of identical elements.
An array’s array factor is a function of 1) number of elements, 2) geometrical
arrangement, 3) relative magnitude and phase and 4) relative spacing. As the array factor
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does not have dependence on directional characteristics of radiating elements, the results
would have been the same had actual elements been replaced by isotropic sources. Once
the array factor is calculated using the point-source array, Equations 4 gives the resultant
field of the actual array, considering each point-source to have the amplitude, phase, and
location of the corresponding element it is replacing. Refer to Figure 1-6 [6].

(a)

(b)

Figure 1-5. Geometry of a two-element array positioned along the z-axis: (a) Two infinite
dipoles, (b) Far field observation

Figure 1-6. Element, array factor, and total field patterns of a two-element array of
infinitesimal horizontal dipoles with identical phase excitation (d=λ/4 with no phase
separation)
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N element array: Following is the way to generalize the method to include N
elements in the array factor calculation. Here again, it is assumed that all elements have
identical amplitudes, but each succeeding element has a β progressive phase lead current
excitation relative to the preceding one (The current of each element leads the current in
preceding element by β). This type of array is known as a uniform phased array. It should
be noted that pattern multiplication only applies if all the elements are the same. The
array factor is given by following equation,
AF = 1 + e+j(kdcosθ+β) + e+2j(kdcosθ+β) + ⋯ + e+j(N−1)(kdcosθ+β)

(5)

+j (n−1)(kdcosθ+β)
⇒ AF = ∑N
, which can be simplified as
n=1 e

(6)

+j(n−1)ψ
AF = ∑N
n=1 e

(7)

Here ψ = kdcosθ + β, which is called the progressive phase while the total
array factor is a summation of exponentials. As mentioned earlier, Equation 7 helps to get
the radiation pattern of the entire array. Simplifying the above formula with consideration
that the reference point is the physical center of the array, the array factor reduces to
AF ≈

Nψ
)
2
Nψ
2

sin (

(8)

Broadside array: As shown in Figure 1-7 (a) [6], a broadside array is a way to
direct the maximum radiation from an array, normal to the axis of the array. To make
sure that there are no other maxima in different directions, which are known as grating
lobes, the separation between the elements should not be equal to multiples of the
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wavelength. For the case it is required to have the first maximum aimed toward θ = 90º.
It can then be said that
ψ = kdcosθ + β (θ=90º) = β = 0

(9)

Ordinary end-fire array: Shown in Figure 1-7 (b) [6], an end-fire array is the
case to have the maximum radiation directed along the axis of the array (θ = 0º or 180º).
As shown in the figure the entire array will have energy directed to the Z-axis. To direct
the first maximum toward θ = 0º,
ψ = kdcosθ + β (θ=0º) = kd + β = 0 → β= - kd.

(a)

(10)

(b)

Figure 1-7. Three-dimensional amplitude patterns for broadside, and broadside/end-fire
arrays, (a) broadside pattern (b) endfire pattern

Scanning array: In the previous section it was implied that maximum radiation
can be oriented in any direction to form a scanning array. To scan the array in the range
from θ = -90º to θ = 90º, the phase excitation should be
ψ = kdcosθ + β (θ=0º) = kdcosθ + β = 0 → β= - kdcosθ

(11)
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The basic fundamental of electronic scanning is as follows: The maximum
radiation can be aimed in any required direction to create a scanning array if the
progressive phase difference between elements is controlled. The radiation pattern of an
array is determined by the type of elements used, the elements’ orientation, their
positions in free space, and the phase/amplitude of currents feeding them. The linear
array is the basic element configuration in array types. The basic array antenna model
consists two parts, the pattern of the elements itself and the pattern of the array with the
actual elements replaced by isotropic point sources. The total pattern of the array is then
the product of these two parts, while the most important parameter, gain, is calculated by
adding one element gain to the array factor (Both in dB).

1.2.4 Properties Liner arrays
Properties are best understood if they are explained by comparison. As shown in
Figure 1-9 [7] the properties of the array are shown by comparison along with the
graphics of basic array response. The following examples are considered to show
variation in phased array gain patterns by changing 1) the number of elements, 2)
separating distance and 3) array type from broadside to endfire. Refer Figure 1-10 [8].
A single element radiates out in all directions in an equal amount of intensity
isotropically. Hence, as shown in Figure 1-8 the same directivity is achieved everywhere,
giving a flat response. Now if the small array of isotropic sources is used to keep the
element length the same, the intensity is reinforced in one direction and there will be
destructive interference in other directions. While a more directive pattern is achieved as
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compared to a flat response, sidelobes tends to show up which is undesirable. The same
way, it is observed in Figure 1-8 that more elements give a more directive pattern with
increasing sidelobes. To scan/shift the beam to a different angle, a phase shifter is used in
the transmitter section to move the peak to 30º, as seen in geometry 4 of Figure 1-9.

Figure 1-8. Display of phased array response characteristics vs direction, showing
multiple antennas combined to enhance radiation and shape pattern

It is seen in Figure 1-9 (a) that increasing the number of elements makes the beam
become sharper and increases the number of sidelobes in the broadside case. Gain is
calculated as twice {the number of elements * (d/λ)}. Hence 3 dB (twice in value)
variation is observed as the number of elements doubles as shown in Figure 1-9 (a). In
the second case, the pattern variation can be seen by separating elements by different
distances. For a spacing between each element equal to λ/4, there is a wider response, less
gain with lesser number of sidelobes. For λ /2 separations gain is higher and there are
more undesirable sidelobes. Finally, for λ separation it is observed that grating lobes are
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almost equal in amplitude to the main lobe. Hence the condition for no grating lobes
should be that the element separation should be less than λ as seen in Figure 1-9 (b) and
Equation 9.

(a)

(b)
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(c)

(d)
Figure 1-9. Effect on properties of linear array by changing, (a) number of elements (b)
separating distance (c) separation distance in endfire case (d) array type from broadside
to endfire

The next case is that of the entire array where there is a change in the phase and
the separation. Now the array is seen down to the endpoint as shown in Figure 1-9 (c).
While using λ /4 separations the result looks good. For λ/2 separations the outcome is
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acceptable, but there are grating lobes at 90º making further increments in separation
creating two grating lobes, while the total gain remains same. Equation 10 can be used as
a reference. Figure 1-9 (d) shows what happens when the array is scanned to different
angles. Here, the relation between the bandwidth and scan angle has been shown. An
example of a phased array with 20 elements and λ/4 element separation is considered. For
broadside scan, there is a 10 degree beamwidth and for a 30º scan angle, beam
broadening occurs from 10 to 12 degrees. Another case has a 22 degree beamwidth
observed for a 60º scan angle and 49 degrees in the endfire case.

1.3 Problem Statement
This thesis strives to develop a novel phased array antenna design for radar
systems, hence the OWA Yagi (Optimized Wideband Antenna) is incorporated as the
array element along with the triangular lattice geometry. The effect of changing element
spacing on the antenna array radiation pattern along with the gain, has been studied via an
electromagnetic simulation tool (FEKO). The Phased Array Toolbox of MATLAB has
also

been

used

to

validate

the

results.

1.4 Scope of the Study
This thesis starts with the theoretical background of antenna arrays and a
discussion of two famous phased array antenna systems built in Indonesia and Japan.
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These two designs are considered as a basic building block for this newly developed
OWA based circular ring phased array.
Next, methods are discussed by which antenna array performance usually is
computed, i.e. Method of Moments (MoM), simulation tool FEKO, Phased Array
Toolbox of MATLAB or the basic array factor method. Insight into FEKO and
MATLAB has been given to better explain the entire design process. In this thesis, FEKO
has been used as the method for analysis. Mutual coupling is also discussed which plays a
significant role in designing any antenna array.
Next, circular ring phased array results are shown, followed by almost identical
array results generated by the Phased Array Toolbox of MATLAB. These MATLAB
results can be used to validate FEKO results. Here, the effect of element spacing on the
performance of an antenna array has been widely studied with the help of FEKO and
MATLAB.
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Chapter 2
Numerical Analysis Techniques
There are several techniques with which antenna arrays can be analyzed. The
most fundamental way is to use array factor theory as described in the previous chapter.
Several computer simulation tools are available which can help to design and simulate
antenna arrays. They include several optimization techniques that help to create
suitable/efficient antennas. FEKO and MATLAB are among the several tools which can
be used for designing antenna arrays. MATLAB comes with an additional tool specially
built for the purpose of phased arrays, i.e. the Phased Array Toolbox. These two tools are
discussed in this chapter.

2.1 Array Factor for Circular Array
In a circular array, elements are put in a circular ring. This is interesting
configuration, and it has drawn much popularity. Over the years, this configuration has
found its uses in radar, sonar, radio direction finding, air, and many other systems. In
wireless communication, circular arrays have been recently proposed in the context of
smart antennas. Circular arrays can be considered as a 1D linear array in a circular form.
The advantages of circular arrays are as follows.


Unlike linear arrays, 2D angular scans (horizontal and vertical) can be achieved
by a circular array.
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Unlike linear arrays, 360° in azimuth can be covered by a circular array with very
little or zero distortion in the end fire direction.



Unlike linear arrays, mutual coupling effects can be easily addressed since for
each element there is the same amount of distortion due to mutual coupling
effects.

Figure 2-1. The array factor calculation for circular planar array

Array Factor: As shown in the Figure 2-1 [9], for an N element uniform circular
array with equal excitation current amplitude I0 and current phase of βn (reference to the
origin/center point of the array) for the nth element (and ϕn=2 π n/N), the array factor is
written as:
AF = ej[kasinθ cos(ϕ−ϕ1 )+β1] + ej[kasinθ cos(ϕ−ϕ2 )+β2] + … + ej[kasinθ cos(ϕ−ϕN )+βN ]
j[kasinθ cos(ϕ−ϕn )+βn ]
= ∑N
n=1 e
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In the above expression of the AF there is a sum of N complex exponential with
the magnitude of each complex exponential equal to 1. One excitation method to achieve
the maximum radiation direction is:
βn = ±2qπ − kasinθmax cos (θmax −
Where n = 1, 2, … , N

2πn
N

)

& q is chosen to make βn ∈ [0,2π)

Hence, in a circular array, the maximum radiation direction (θmax, ϕmax) may be
used to calculate the excitation phase for each element by the above formula. Unlike the
linear case, the 𝛽𝑛 , might not increase exactly from one element to the next.

2.2 MATLAB Phased Array Tool Box
Programs and tools for designing phased array signal processing systems are
provided by the Phased Array System Toolbox™. It also provides simulation and
analysis capabilities which can be accomplished by MATLAB® functions and MATLAB
objects™. This toolbox includes many algorithms which are mainly used for beam
forming, target detection, space time adaptive processing, and waveform generation. This
toolbox can be used for creating monostatic, bistatic, and multistatic architectures which
can be modelled on either moving or stationary platforms. Also, array visualization
applications assist in evaluating spatial or temporal performance. This toolbox can be a
great help in modelling an end-to-end phased array system or using simple/complex
algorithms to process gathered data [10].
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2.2.1 Key Features


Radar modelling for monostatic and multistatic systems which also covers freespace propagation, point targets and barrage jammer



Arbitrary geometries sensor arrays and subarrays can be modelled



Specification on polarization and platform motion for arrays and targets



Continuous and pulsed waveforms can be synthesized for analysis.



Various types of parameters are included for designing narrowband and
broadband digital beamforming such as time delay, LCMV, Frost etc.



Direction of arrival algorithm, including algorithms for noncoherent integration,
estimating range and Doppler, pulse compression and CFAR processing



Space-time adaptive processing (STAP) incorporates Angle-Doppler response,
visualization and sample matrix inversion (SMI)

2.2.2 Phased Array Design and Analysis
This toolbox contains examples that give a starting point for designing userdefined phased array systems. It helps to model, simulate, and analyze the common array
geometries and user-defined array geometries. Common array geometries include:
Uniform linear array (ULA), Uniform rectangular array (URA), and Conformal array.

To define a desired array geometry, the following parameters are required: 1)
number of elements, 2) element spacing and 3) position of each element and its 3D space
orientation. Each element can have a cosine shaped, isotropic, or user defined 3D pattern
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as its element response and radiation pattern. Ideal functions or measured data can be
used as the response and radiation pattern. There is also an option of shading (tapering)
over the entire array. Inhomogeneous arrays can also be designed by deploying multiple
element patterns. The toolbox helps to model common antenna and microphone designs.
The user can also specify options of wideband, polarization, and frequency dependent
patterns for custom designs.

Result analysis: The toolbox provides ways to visualize and analyze the radiation
pattern of the array as well as individual elements. Visualization may be rectangular,
spherical, or u/v format. There are several helpful tools available where the following
parameters can be visualized / analyzed:


Array geometry



Array gain



Array response



Delay between elements



Steering vector



Element response
Types of array geometries are given below.



Linear Arrays



Circular Arrays



Planar Arrays with Rectangular Grid



Planar Arrays with Triangular Grid
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Thinned Arrays



Hemispherical Conformal Arrays



Subarrays

A few array geometries are shown in Figure 2-2 [10]. A sample 3D pattern plot for a
rectangular array is shown in the Figure 2-3 [10].

Figure 2-2. Few array geometries available in MATLAB toolbox
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Figure 2-3. 3D beam pattern for a 10 x 10 uniform rectangular array

A screenshot of the phased array tool box is shown Figure 2-4. As mentioned
earlier, the following parameters can be defined by the user: Element type, number of
elements, element spacing, signal frequency, propagation speed, steering angle (θ, φ),
shading, and whether the back is baffled. Following are the options that users can select
for the type of array:


Uniform linear



Planer / Circular planar



Uniform circular



Concentric



Uniform hexagonal



Spherical cylindrical
As shown in Figure 2-4, types of array element are following:



Isotropic



Cosine Antenna
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Omnidirectional microphone



Cardioid microphone



User defined 3D pattern

Figure 2-4. MATLAB phased array toolbox user interface

In another part of the same window, created geometry can be visualized along
with 2D and 3D responsea. The bottom left area shows total array gain and array’s
geometric span in meters in X, Y and Z directions. The file menu provides the option of
creating a .m file in MATLAB for the same geometry which is created using the GUI.
This file can be used for editing the given geometry or the user can put his own radiation
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pattern created with different software. There is an option to create a detailed report using
the File menu. Following are the results of the circular planar antenna array having a 2
meter radius with triangular lattice. Figures 2-4, 2-5 and 2-6 show geometrical
arrangements and the 2D-3D array response.

Figure 2-5. MATLAB phased array toolbox user interface
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Figure 2-6. MATLAB phased array toolbox result display
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2.3 FEKO
There are many programs available which can quickly calculate an antenna’s
response/behavior. The addition of GUIs- (graphical user interfaces) to text based
algorithms have taken place to analyze/visualize the antennas. This helps to verify inputs
and outputs. After adding the basic geometry, the user needs to select additional
parameters to see how the code will interpret the geometry such as the number of
segments for calculation purpose. By varying factors like this it will yield different
results. FEKO is one of these such tools.
FEKO’s name was derived from a German phrase that translates to “Field
computations involving bodies of arbitrary shape” [11]. FEKO has many separate
programs in it such as CAD-Computer Aided Design (CAD) inputs encompassing quick
rendering, pre-processing, calculations, and field visualization of 3D post-processing.
MoM- (Method of Moments) is the basic method which is used for calculations. Another
specialty of this tool is to have different visualizations of aspects of the geometry and
output. The program also comes with options of different meshing types such as coarse,
standard, or custom, in which the user can have the liberty to define segment size. A
detailed technical description of the FEKO program is as follows:
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2.3.1 What is FEKO?
Based on state of the art computational electromagnetic techniques, FEKO is a
comprehensive electromagnetic simulation software which assists engineers to evaluate
and analyze a wide range of electromagnetic problems. Largely focused on the Method of
Moments, other techniques provided in FEKO set it at a unique level and helps to address
a wide range of electromagnetic issues for a large section of industries. Major
applications are mentioned in Table 2-1. Technical specifications of FEKO are provided
in following sections of this chapter.
Table 2-1. FEKO and its diverse application
APPLICATION
Antenna

USE OF FEKO IN THE ANALYSIS OF
Directives horns, patch antennas, long wire antennas, reflector antennas,
conformal antennas, wideband antennas, antenna arrays

Antenna placement

Radiation patterns of antennas, radiation zones having hazards, etc. where
an antenna placed on a big platform like a ship, aircraft or armored car

EMC

Wide range EMC problems encompassing shielding effectiveness of an
enclosure, analysis of cable coupling having complex environments, e.g.
car wiring, analysis of radiation hazard

Bio-Electromagnetics

Homogeneous or non-homogeneous bodies, extraction of SAR

RF components

Waveguide structures, e.g. filter, slotted antennas, directional couplers

3D EM circuits

Microstrip filters, couplers, inductors, etc.

Radomes

Large structure having layers of multiple dielectric
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2.3.2 FEKO GUI Features
The FEKO GUI comes with many promising features, including the following:


Model generation based on a large array of primitives (wire, cone, paraboloid,
wire curves, etc.)



Import- Export flexibility for externally generated results



Element access approach in tree based style (settings, materials, results, etc.)



Mouse based handling, i.e. selection, zooming, etc.



The GUI has complete solver control



Options for processing results of time domain.

2.3.3 Excitations
There are various ways in which a port can be excited for a designed geometry.


Voltage or current source



Spherical models



Plane wave



Impressed line currents



Electric/magnetic point sources



Near field aperture



Point sources (with specific pattern)



Port at wire or edges

2.3.4 Post-Processing Features


2D and 3D visualization
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XY plots, polar plots, Smith chart



3D radiation patterns



Far field radiation data and RCSs, etc.



SAR



Full multiport S-parameter extraction (complete)



Many options for viewing surfaces, incl. isosurfaces, cuts of 2D field



In the same viewport display of multiple results in the same window for
comparison



Large model viewing flexibility, i.e. enabled 64-bit



Export different geometry views to image formats

2.3.5 Numerical Methods Used in FEKO and Antenna Analysis
Salient features of FEKO in context of numerical methods:


The tool is based on the Method of Moments (MoM)



First commercial EM simulation tool to use MLFMM- Multi Level Fast Multipole
Method to solve electrically large problems



First time domain technique was added to FEKO with its finite difference time
domain (FDTD) solver
In FEKO, the MoM is hybridized with the following solution methods. This

hybridized approach helps to solve larger problems by breaking it into different parts and
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applying different solution techniques to these parts. This assists in optimizing results and
saving time as well.


Finite Element Method (FEM)



Physical Optics (PO)



Ray-launching Geometric Optics (RL-GO)



Uniform Theory of Diffraction (UTD)
Following are the types of antenna analysis carried out in FEKO efficiently:



Wire antenna



Mobile antenna



Aperture antenna



Broadband antenna



Conformal antenna



Reflector antenna



Antenna arrays



Microstrip antenna

Antenna Arrays: Many times antenna arrays include elements with direct feeds
and elements which are fed by indirect coupling. Hence, while designing arrays, the user
needs to take care of both of these types of elements which constitute an entire array. The
problem becomes computationally very expensive if the antenna array structure is very
complex. One of the biggest advantages of the Method of Moments (MoM) based
structure of FEKO is that it does not mesh or discretize the free-space region between
geometry elements. This results in very optimum use of computational resources. For
electrically large structures FEKO comes with the Multilevel Fast Multipole Method
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(MLFMM) as an efficient solution. A few pictorial examples are shown here, including a
patch antenna, helix antenna, and horn fed reflector antenna. Some other applications
such as a microstrip patch array or Horn antenna are shown in Figure 2-7 to Figure 2-10
[11].

Figure 2-7. Linear microstrip array with squinted main beam
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(a)

(b)

Figure 2-8. Microstrip array with squinted beam: a) Periodic boundary analysis of large
array_unit cell, b) Periodic boundary analysis of large arrays_3D radiation pattern of
array

Figure 2-9. Radiation pattern of a microstrip patch array antenna
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Figure 2-10. Characterization of a horn-fed reflector antenna
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2.4 Methods of Moments (MoM)
MoM is also another fundamental way to find solutions related to an array system.
It is of great importance to obtain the current distribution throughout the antenna to
model the antenna completely and effectively. The radiation pattern and the input
impedance are the most basic parameters of an antenna. They can be easily obtained once
current distribution is known.
In 1897, Pocklington derived an integral equation considering of an
approximately sinusoidal current distribution on thin wires and the propagation speed of
light. Assuming no azimuthal current with only surface current along the wire,
Pocklington used Maxwell’s equations and deduced the electrical field at the wire surface
Ezi:
−𝐸𝑧𝑖 =

𝐿/2

1
𝑗𝜔0 𝜀0

∫−𝐿/2 ⌊

𝜕2 ψ(z,𝑧 ′ )
𝜕𝑧 2

+ β2 ψ(𝑧0 , 𝑧 ′ )⌋ 𝐼(𝑧 ′ )𝑑𝑧 ′

(12)

where z is the axial direction of the wire, ω the resonance frequency, ε0 the permittivity of
free space and β = √𝜇𝜖 , μ and ϵ being the permittivity and permeability of the wire,
respectively,
ψ(𝑧0 , 𝑧 ′ ) is the free space Green’s function given as
ψ(𝑧0 , 𝑧 ′ ) =

𝑒 −𝑗𝛽𝑅
4𝜋𝑅

.

Here, R is the distance between the source point (x ’, y’, z’) and observation point (x, y, z),
𝑅 = √(𝑥 − 𝑥 ′ )2 + (𝑦 − 𝑦 ′ )2 + (𝑧 − 𝑧 ′ )2

(13)

The aim is to solve for I (z’) in Equation 12 for the axial current along a thin wire.
This equation is referred to as Pocklington’s integral equation. Many approaches have
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been defined and utilized to solve these types of integral equations. One standard
procedure that has been used is the numerical technique of the Method of Moments
(MoM). This takes the current density as a linear combination of N terms
𝐼(𝑧) = ∑𝑁
𝑛=1 𝑎𝑛 𝑔𝑛 (𝑧)

(14)

Here, an is an unknown constant amplitude and gn(z’) is a known entity called a
basis or an expansion function for every segment of the wire. These functions are usually
presumed to be simple functions like pulse functions or piecewise linear functions. Using
Equation 14 in Equation 12 and applying boundary conditions converts Pocklington’s
integral equation into a set of N linearly independent equations. Thus, the problem is
reduced to solving an N order matrix to determine the N unknown constants an. Once the
current is evaluated, the radiation pattern and impedance can be calculated very easily.
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Chapter 3
Antenna Modelling and Results
In this section, simulation results of this project are shown for FEKO and
MATLAB along with the description of the Optimized Wideband Antenna (OWA) Yagi.
Dr. Breakall at The Pennsylvania State University developed the OWA Yagi which was
used in this thesis as the basic element of the circular planar array of approximately 470
elements. This antenna feed point matching technique developed by Dr. Breakall
(Amateur Radio callsign WA3FET) increases the feed point impedance and widens the
VSWR bandwidth. This unique Yagi design provides significant advantage over
conventional Yagi design in terms of bandwidth, patterns, impedance matching, cost, etc.
This technique can be used to develop better antennas like dipoles, monopoles, and
Yagis. Information for the monopole and dipole has been given at the end of this section
3.1. Technical analysis of the novel Yagi design of Dr Breakall is given below in section
3.1.

3.1 Optimized Wideband Antenna (OWA) Yagi Design
Prof. James K. Breakall from Penn State University [12] invented a new concept
in Yagi design using global optimization techniques to achieve much wider bandwidth
for the important parameters of reduced sidelobes (front to rear ratio), maximum gain,
and minimum VSWR with reference to 50 ohms over some specified frequency range.
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One of the most noticeable and unique attributes of this design is the very close spacing
of the first parasitic director to the driven feed element. Compared to conventional
spacings of 0.15 λ to 0.3λ this spacing is just in the range of 0.01 to 0.07λ. Furthermore,
the impedance is optimized to be 50Ω, allowing a direct feed of the transmission line
(50Ω) to the driven element with absolutely no matching systems such as gamma, T,
beta, or folded dipoles. It simply requires a basic 1 to 1 balun and direct feed. The best
way to achieve a balun is to use ferrite beads with an appropriate material mix such as
mix 31 on the outside of the coaxial cable. This is a much easier and cheaper procedure
to build this Yagi compared to other types of designs. They are clearly superior because
of the advanced global optimization techniques used in the design process. A design was
obtained for this project using a 4 element design (equivalent to a 3 element Yagi in gain)
as shown in Figure 3-1. A realistic view of the antenna model is shown in Figure 3-2.
This design has the following parameters:


Reflector Length = 2.9886 meters



Driven Element Length = 2.9444 meters



Second Director Length = 2.5425 meters



Spacing between Reflector and Driven Element = 0.6998 meters



Spacing between Driven Element and First Director = 0.2139 meters



Spacing between First Director and Second Director = 1.0579 meters



The diameter of all elements is 0.0254 meters.
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The radiation pattern at 50 MHz is shown in Figure 3-3 for the optimized
Yagi. Notice the low level of rear sidelobes that are going towards the ground direction
off the back of the Yagi beaming at zenith.

Figure 3-1. Optimized Wideband Antenna Yagi simulation model

Figure 3-2. Realistic model of OWA Yagi
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Figure 3-3. Optimized Wideband Antenna (OWA) Yagi optimized for minimum
radiation towards the ground, minimum VSWR, and maximum gain from 49 to 51 MHz
The VSWR plot from 49 to 51 MHz is shown in Figure 3-4. Notice the very low
value of VSWR over this frequency range due to the global optimization.

Figure 3-4. VSWR of OWA Yagi in Free Space
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The same Yagi is now modeled over an average ground (εr =13, σ = 0.005 S/m)
and the VSWR is shown in Figure 3-5 while the height from the ground is 1.078 meters.

Figure 3-5. VSWR of the OWA Yagi over average ground which is exact the same as in free
space.

Since the VSWR is the same as in free space, this indicates that the ground is
having no effect on the operation of the Yagi and is essentially isolated from any ground
conditions. The pattern is shown for the same OWA Yagi over this average ground while
the gain is essentially the same as what it was in free space indicating no interaction of
the ground on the design. This OWA Yagi is far superior to any other type of known
Yagi design concept and is clearly best in terms of cost, simplicity, bandwidth, etc.
Summarizing advantages,


Direct 50Ω feed point matching (no matching necessary).



Globally optimized maximum gain over specified band of frequency.



Globally optimized minimum side lobes over a specified band of frequency.



Globally optimized minimum peak VSWR over a specified band of frequencies.
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Figure 3-6. Pattern of OWA Yagi over average ground with the same gain as in free space

OWA with a monopole / dipole: The OWA method can be used in a dipole or
monopole having a parasitic element very close (0.01λ) to the driven element. By putting
the element very near, the antenna can be considered as a wire having a diameter equal to
the separation between the fed element and the parasitic element. This large apparent
diameter produces an outcome of comparatively larger bandwidth and also gives the
benefit of increased radiation resistance. It will give a monopole antenna higher radiation
resistance to match the antenna to a feedline. For the dipole having a free space
impedance of around 72 ohms, care should be taken to compensate the increased
impedance by deploying a transformer at the feeding point.
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3.2 Analysis and Discussion

3.2.1 Mutual coupling
There are lots of issues which can be discussed about phased arrays, but mutual
coupling is the issue which is responsible for many of their unique characteristics. One of
the fundamental difficulties in designing a phased array is that significant portions of the
microwave power transmitted by one element of the array may be received by the
surrounding array antenna elements. This effect, which is known as array mutual
coupling, can result in a substantial or total loss of a transmitted or received radar signal,
depending on the coherent combination of all of the mutual-coupling signals in the array.
Also, it is the grating lobes and blindness that mainly restrict the performance of arrays.
Blindness results from the coupling between array elements. The amplitudes and phases
of the array mutual-coupling signals depend primarily on the shape of the radiating
antenna elements, the spacing between the array elements, and the number of radiating
elements.
There have been many inventions trying to address this issue. For example,
having ground plane side walls or an etching a pattern on the ground plane can provide a
filtering effect or different lattice configurations. In this project, the triangular lattice
which is shown in Figure 3-7 (a) has been implemented [13]. The reason for using this
type of lattice is as follows: There will be mutual coupling with each other when
radiating elements are put together. Free space radiation and surface wave excitation are
two basic factors which cause this type of coupling. The triangular lattice has a benefit
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over a square lattice, because the triangular lattice could delay the existence of grating
lobes. It also allows bigger elements to be used in the array [14]. The reason behind this
is that element separation of the triangular lattice is larger in comparison to that of a
square lattice. Also, this separation helps to provide more isolation, which lessens mutual
coupling effects between antenna elements to a minimum value compared to the other
conventional methods.

(a)

(b)

Figure 3-7. Array lattice configuration: (a) triangular lattice (b) square lattice

3.2.2 Discussion on phased array deployment based on triangular lattice in FEKO
As per the discussion in the previous section on mutual coupling, Section 3.3
presents the results generated by experimental and simulation procedures for a circular
ring phased array of Yagi antennas with a triangular lattice. Linear polarization has been
used with an optimized wideband Yagi antenna (OWA), discussed in Section 3.1. The
electromagnetic solver FEKO is used throughout this process. Following are the
fundamental parameters for the array:
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Operating Frequency

50 MHz

Wavelength(λ)
Number of elements

6 meters
471

This design in this thesis has the following parameters along with the OWA Yagi
design specifications:


Spacing between Reflector and Ground = 1.194 meters



Spacing between Driven Element and Ground = 1.894 meters



Spacing between First Director and Ground = 2.107 meters



Spacing between Second Director and Ground = 3.165 meters
The aim of this project is to design a phased array antenna which can scan in both

the XZ and YZ planes. Section 3.3.1 displays array results for θ=30º in the XZ plane,
θ=30º in YZ plane, and at zenith i.e. θ=0º (for 0º, results from the XZ plane and YZ plane
are the same). Table 3.1 shows each of the results in a particular format due to space
constraints. For example X_30 means beam steered in the XZ plane at θ=30*.
Now the question arises, how much should the phase shift of each element be set
to steer a beam to a certain angle? For the linear planar array of isotropic radiators from
Figure 3-8 [15] a right angle triangle drawn and the hypotenuse is the distance between
the two radiators for the XZ plane.
From Figure 3-8, the distance is x = d * sin (αs )
Now, for every element

360
ϕ

λ

=x

(14)
(15)
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where ϕ is the phase shift between each element. The phase shift to be specified for each
element is
ϕ = d * sin (αs ) *

360
λ

(16)

Using Equation 16, phasing is specified for all 471 elements with a voltage source
of the unity magnitude. The array was then the simulated in the electromagnetic solver
FEKO. In FEKO, different geometrical parameters have been considered. As mentioned
earlier, the geometry is modified every time when the spacing between elements is
changed. After changing the distance, the geometry needs to be meshed and run again.
The same concept applies for scanning in YZ plane as well. The simulation output data is
sown in Table 3-1.

Figure 3-8. Graphical derivation of phase shift
In the next section, results shown in Table 3-1 are presented by polar plots and 3D
plots. FEKO simulation results are displayed for different possible geometries and are
followed by a section on MATLAB results. It will be shown that MATLAB has limited

52

usefulness, and another antenna simulation program such as FEKO or GNEC is
mandatory to predict actual and accurate performance.

Figure 3-9. Deployment of phased array (graphical view)
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Figure 3-10. Deployment of phased array (zoomed graphical view)

Figure 3-11. Deployment of phased array (zoomed graphical view)
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Table 3-1. Results for Linear phased array (OWA-Yagi)
Distance
between
each
elements**

0.7λ

0.75λ

0.8 λ

0.9 λ

Axis_ Beam
Steering (θ)

x_30

X
x_0

X
y_30

Y
x_30

X
x_0

X
y_30

Y
x_30

X
x_0

X
y_30

Simulated
Gain (dB)

33.1

3
33.9

3
33.1

3
33

3
34.5

3
33.4

3
32.4

3
34.9

Beam width
(degree)

4.34

4
3.77

3
4.07

4
4.03

4
3.45

3
3.77

3
3.83

3
3.19

Approxima
-te radius
(meter)
Gain from
the area
(dB)

1λ

X
x_0

X
y_30

3
32.7

Y
x_30
*
3
33.1

X
x_0

X
y_30

Y

3
31.6

Y
x_30
*
3
33.5

3
35.7

3
35.7

3
31.7

3

3
3.45

3
3.29

3
2.80

2
3.01

3
2.9

2
2.7

2
2.9

2

47

50

53

60

66

33.89

34.43

34.94

36.02

36.84

**

Displaying the spacing between each element (i.e. 0.7λ, see figure 9)

*

Side lobe at random angles dominates desired main lobe

In the table, Axis Beam Steering row says X_30 which means, with X axis beam steering
is 30º.

55

3.3 FEKO Results
In this section, simulation results are shown for the phased array discussed in the
previous section. These results are based on five cases with varying element spacing in
the array: 0.7 λ, 0.75 λ, 0.8 λ, 0.9 λ and 1λ. For each of the cases, a polar plot and a 3D
plot of gain is presented. For the sake of convenience, Table 3-1 is presented again in this
section. In the Table, the Axis Beam Steering row has an entry X_30 which means X axis
beam steering to 30º.
Table 3-2. Results for phased array (OWA-Yagi)
Distance
between
each
elements**

0.7λ

0.75λ

0.8 λ

0.9 λ

Axis_ Beam
Steering (θ)

x_30

X
x_0

X
y_30

Y
x_30

X
x_0

X
y_30

Y
x_30

X
x_0

X
y_30

Simulated
Gain (dB)

33.1

3
33.9

3
33.1

3
33

3
34.5

3
33.4

3
32.4

3
34.9

Beam width
(degree)

4.34

4
3.77

3
4.07

4
4.03

4
3.45

3
3.77

3
3.83

3
3.19

Approxima
-te radius
(meter)
Gain from
the area
(dB)

1λ

X
x_0

X
y_30

3
32.7

Y
x_30
*
3
33.1

X
x_0

X
y_30

Y

3
31.6

Y
x_30
*
3
33.5

3
35.7

3
35.7

3
31.7

3

3
3.45

3
3.29

3
2.80

2
3.01

3
2.9

2
2.7

2
2.9

2

47

50

53

60

66

33.89

34.43

34.94

36.02

36.84

**

Displaying the spacing between each element (i.e. 0.7λ, see figure 9)

*

Side-lobe at random angles dominates desired main lobe
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3.3.1 Element spacing 0.7 λ

Figure 3-12. 3D Pattern Plot – X-axis with beam steering to θ=30° (0.7λ)

*Here, θ is measured from Z axis, θ=90 line is (+X) axis.
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Figure 3-13. 3D Polar Plot – X-axis with beam steering to θ=30° (0.7λ)
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Figure 3-14. 3D Pattern Plot – Y-axis with beam steering to θ=30° (0.7λ)

*Here, θ is measured from Z axis, θ=90 line is (+Y) axis.
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Figure 3-15. 3D Polar Plot – Y-axis with beam steering to θ=30° (0.7λ)
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Figure 3-16. 3D Pattern Plot – with beam steering to θ=0° (0.7λ)

61

Figure 3-17. 3D Polar Plot – X-axis with beam steering to θ=0° (0.7λ)
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3.3.2 Element spacing 0.75 λ

Figure 3-18. 3D Pattern Plot – with beam steering to θ=0° (0.75λ)
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Figure 3-19. 3D Polar Plot – X-axis with beam steering to θ=0° (0.75λ)
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Figure 3-20. 3D Pattern Plot – Y-axis with beam steering to θ=30° (0.75λ)

*Here, θ is measured from Z axis, θ=90 line is (+Y) axis.
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Figure 3-21. 3D Polar Plot – Y-axis with beam steering to θ=30° (0.75λ)
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Figure 3-22. 3D Pattern Plot – X-axis with beam steering to θ=30° (0.75λ)

*Here, θ is measured from Z axis, θ=90 line is (+X) axis.
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Figure 3-23. 3D Polar Plot – X-axis with beam steering to θ=30° (0.75λ)
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3.3.3 Element spacing 0.8 λ

Figure 3-24. 3D Pattern Plot – X-axis with beam steering to θ=30° (0.8λ)

*Here, θ is measured from Z axis, θ=90 line is (+X) axis.
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Figure 3-25. 3D Pattern Plot –Top down view- X-axis with beam steering to θ=30° (0.8λ)
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Figure 3-26. 3D Polar Plot – X-axis with beam steering to θ=30° (0.8λ)
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Figure 3-27. 3D Pattern Plot – Y-axis with beam steering to θ=30° (0.8λ)

*Here, θ is measured from Z axis, θ=90 line is (+Y) axis.
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Figure 3-28. 3D Polar Plot – Y-axis with beam steering to θ=30° (0.8λ)
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Figure 3-29. 3D Pattern Plot – X-axis with beam steering to θ=0° (0.8λ)

*Here, θ is measured from Z axis, θ=90 line is (+X) axis.
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Figure 3-30. 3D Polar Plot – X-axis with beam steering to θ=0° (0.8λ)
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3.3.4 Element spacing 0.9 λ

Figure 3-31. 3D Pattern Plot – X-axis with beam steering to θ=30° (0.9λ)

*Here, θ is measured from Z axis, θ=90 line is (+X) axis.
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Figure 3-32. 3D Pattern Plot – top down view - X-axis with beam steering to θ=30° (0.9λ)
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Figure 3-33. 3D Polar Plot – X-axis with beam steering to θ=30° (0.9λ)
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Figure 3-34. 3D Pattern Plot – with beam steering to θ=0° (0.9λ)

.
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Figure 3-35. 3D Polar Plot – X-axis with beam steering to θ=0° (0.9λ)
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Figure 3-36. 3D Pattern Plot – Y-axis with beam steering to θ=30° (0.9λ)

*Here, θ is measured from Z axis, θ=90 line is (+Y) axis.
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Figure 3-37. 3D Pattern Plot – top down view – Y-axis with beam steering to θ=30° (0.9λ)
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Figure 3-38. 3D Polar Plot – Y-axis with beam steering to θ=30° (0.9λ)
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3.3.5 Element spacing 1.0 λ

Figure 3-39. 3D Pattern Plot – X-axis with beam steering to θ=30° (1.0λ)

*Here, θ is measured from Z axis, θ=90 line is (+X) axis.
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Figure 3-40. 3D Pattern Plot – top down view - X-axis with beam steering to θ=30° (1.0λ)
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Figure 3-41. 3D Pattern Plot – another view - X-axis with beam steering to θ=30° (1.0λ)
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Figure 3-42. 3D Polar Plot – X-axis with beam steering to θ=30° (1.0λ)
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Figure 3-43. 3D Pattern Plot – Beam steering to θ=0° (1.0λ)
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Figure 3-44. 3D Polar Plot – Beam steering to θ=0° (1.0λ)
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Figure 3-45. 3D Pattern Plot – Y-axis with beam steering to θ=30° (1.0λ)

*Here, θ is measured from Z axis, θ=90 line is (+Y) axis.

90

Figure 3-46. 3D Pattern Plot – top down view - Y-axis with beam steering to θ=30° (1.0λ)

91

Figure 3-47. 3D Polar Plot – Y-axis with beam steering to θ=30° (1.0λ)
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3.4 MATLAB Array Modelling Results
The Phased Array Toolbox in MATLAB is used here to get results of different
arrays that have been considered in the final design with FEKO. Phased array analysis in
MATLAB only computes array factors of various built in sources and does not include
any mutual interactions. It is useful to visualize the effects of different element spacings
on sidelobes and grating lobes, however, it is not an exhaustive analysis, such as that
from FEKO or similar antenna simulation programs. It has limited usefulness if it is the
only tool available. Another antenna simulation program such as FEKO or GNEC is
mandatory to predict actual performance.
The Phased Array Toolbox in MATLAB can produce nice 3D plots of radiation
patterns such as shown in Figure 3-48 for a 6 by 6 planar rectangular lattice array with 1λ
spacing between elements. This array has the main beam slewed from zenith by 30
degrees and one can see the grating lobe quite clearly in the opposite direction. The scale
is set to a normalized plot range of 0 to -50 dB in color shading. There was no way to
adjust this scale from the graphical user interface (GUI) so the sidelobes are enhanced
greater than necessary.
A top view is shown in Figure 3-49 for the same array of the Phased Array
Toolbox display. The grating lobe is very visible and at the same level as the main lobe.
It is slewed 30 degrees from the zenith. Figure 3-50 shows the same array in a 3D surface
rectangular plot in u (= sinϕcosθ) – v (= sinϕcosϕ) space. The distribution of the
sidelobes and grating lobes with this presentation is clearly visible.
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Figure 3-48. 6 by 6 planar 1λ spacing rectangular lattice array with beam slewed 30
degrees from the zenith

Figure 3-49. 6 by 6 planar 1λ spacing rectangular lattice array with beam slewed 30
degrees from the zenith (top-down view)
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Figure 3-50. 6 by 6 planar 1λ spacing rectangular lattice array with beam slewed 30
degrees from the zenith (u-v space)

A similarly sized 7 by 8 planar array with a triangular lattice with 1λ between
elements is shown in Figure 3-51. Its main beam is slewed 30 degrees towards the Yaxis. There are two grating lobes clearly seen in this view of the opposite axis of the main
beam.

Figure 3-51. 7 by 8 planar 1λ spacing triangular lattice array with beam slewed 30
degrees from the zenith in Y-axis
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The same array is shown in Figure 3-52 in u-v space clearly showing the two
grating lobes caused by the triangular lattice.

Figure 3-52. 7 by 8 planar 1.0λ spacing triangular lattice array with beam slewed 30
degrees from the zenith in the Y-axis (u-v space)

The same array is shown in Figure 3-53 with results for the main beam slewed 30
degrees from zenith in the orthogonal X-axis direction. The same array is shown in
Figure 3-54 in u-v space. The pattern is essentially the same as the rectangular lattice in
this plane except for the grating lobes now appearing opposite to the main beam and also
perpendicular to the axis of steering of the main beam. The perpendicular grating lobes
are lower in level than the opposite axis grating lobe. Now, the proposed circular aperture
array with triangular lattice is shown for spacings of 0.7λ, 0.75λ, 0.8λ, 0.9λ and 1.0λ
between all elements. The geometrical configuration for each case is shown with 473
elements total.
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Figure 3-53. 7 by 8 planar 1λ spacing triangular lattice array with beam slewed 30
degrees from the zenith in the X-axis (top-down view)

Figure 3-54. 7 by 8 planar 1λ spacing triangular lattice array with beam slewed 30
degrees from the zenith in the X-axis (u-v space)
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Figure 3-55. Circular aperture configuration with a triangular lattice between the 473
elements total
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The results are shown in Figure 3-56 for 0.70λ spacing and a beam slewed 30
degrees from the zenith. There are no visible grating lobes at this spacing.

Figure 3-56. Circular aperture triangular lattice array with 0.7λ spacing with the beam
slewed 30 degrees from the zenith and 473 elements total
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The results are shown in Figure 3-57 for 0.75λ spacing and a beam slewed 30
degrees from the zenith. There are now visible grating lobes, but at a level of -30 dB to 35 dB below the level of the main lobe.

Figure 3-57. Circular aperture triangular lattice array with 0.75λ spacing with the beam
slewed 30 degrees from the zenith and 473 elements total
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The results are shown in Figure 3-58 for 0.8λ spacing and a beam slewed 30
degrees from the zenith. There are now higher level grating lobes at only 10 dB to 15 dB
below the level of the main lobe.

Figure 3-58. Circular aperture triangular lattice array with 0.8λ spacing with the beam
slewed 30 degrees from the zenith and 473 elements total
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The results are shown in Figure 3-59 for 0.9λ spacing and a beam slewed 30
degrees from the zenith. The grating lobes at this spacing are now approaching the same
level of the main lobe.

Figure 3-59. Circular aperture triangular lattice array with 0.9λ spacing with the beam
slewed 30 degrees from the zenith and 473 elements total

102

The results are shown in Figure 3-60 for 1λ spacing and a beam slewed 30
degrees from the zenith. The grating lobes at this spacing are now essentially the same
level as the main lobe.

Figure 3-60. Circular aperture triangular lattice array with 1.0λ spacing with the beam
slewed 30 degrees from the zenith and 473 elements total
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All of these results should be compared to those of GNEC and FEKO that include
all of the mutual interactions and gain. It is recommended not to use spacing greater than
0.75λ to prevent grating lobes for slew angles up to 30 degrees from the zenith. With
FEKO analysis and optimization, the optimum array can be designed with the actual Yagi
to determine the globally best spacing and number of elements for gains desired as a goal.
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Chapter 4
Conclusions
The aim of this thesis was to develop a novel design for a phased array antenna,
especially considering a circular geometry at 50 MHz. Therefore, the OWA Yagi was
used as the antenna array element. Examples of successful simulation results have been
shown which include optimization of element spacing and radiation pattern analysis. This
project provides a method to develop and implement phased array antennas for radar
systems along with insight into the simulation tool called FEKO. It also gives information
about the MATLAB Phased Array Toolbox and presents array results generated by this
toolbox. In Section 3.3, results generated by FEKO and MATLAB of this phased array
have been displayed. It should be noted that MATLAB is useful in predicting results
when it is used in conjunction with a full electromagnetic solver like FEKO, HFSS or
GNEC. MATLAB has limited usefulness if it is the only tool available. Other antenna
simulation programs such as FEKO or GNEC are mandatory to predict actual and
accurate performance. A brief summary of current work and future work is discussed
next.

4.1 Result Discussion and Summary
In Section 3.3, the contents of Table 3-1 are shown graphically via 3D plots and
polar plots. As seen in the Table, gain increases as spacing is increased. Due to the
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triangular lattice configuration, one can expect a small error in scan angle, i.e. 31º instead
of 30º. It is also observed that a sharper beam is achieved by this configuration by
noticing the change in beamwidth in Table 3-1. Also, it is very important to note the total
area of the array (notice the radius change from the Table 3-1) compared to the amount of
the entire effective area that is being used by the system for radiation. This is suggested
by the last row in table ‘Gain from the area’. For example, a spacing of 1.0λ_X_0º results
shows gain of 35.7 dBi while the gain from the area is 36.84 dBi. Aperture efficiency can
be calculated to be around 95% [(35.7/36.84) *100 → 95%]
Table1 3-1 suggests that the gain value seems lower in the column of 0.8λ for
X_30º. This might be due to the hidden mutual coupling effects and some internal errors
in the phasing. A voltage source feed has been used instead of a current source. Mutual
coupling is clearly included since the driving point impedance for each antenna with all
interactions has been achieved. This problem can be addressed in future work. The
solution is to get more accurate impedance in the array by using many more segments on
each antenna as required. This requires more memory in the computer. The computer and
the full version of FEKO have limits on the amount of memory that can be used, and it
will also take much longer computer time to run the models. Linear plots or polar plots in
certain cut planes may never show the true grating lobe performance as it was shown that
grating lobes can appear off-axis for a triangular lattice. One would have to produce and
display many linear cuts or polar cuts to see all the possible the grating lobes.
For the results of 0.9λ and 1.0λ, there is considerable improvement in gain, but at
the expense of significant grating lobes at random angles. If the array had a rectangular
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lattice geometry, then the grating lobes would have been at known angles. To decrease
the effects of mutual coupling, a triangular lattice has been considered as discussed
earlier.
Impedance and load VSWR results for a much smaller array are 43.9 -22.46j and

1.6, respectively (local meshing). In conclusion, it is recommended that a spacing of
0.75λ should be used. Grating lobes will get worse as spacing is further incremented over
0.75λ wavelengths as table suggests that 0.8λ is not a good spacing.
Cost consideration: From commercial off the shelf (COTS) sources, it is possible
to estimate the cost of the entire physical system. A total of 36 feet material is required
for 1 inch diameter Yagi elements and the price is $1 per foot. There is need of a boom
length of about 6 feet, considering each boom has a 2 inch diamter and boom prices are
around $2 per foot. Clamps and brackets will cost around $30 while a ferrite Balun will
be around $20. Hence, the estimate is $100 to $150 for each Yagi.

4.2 Future Work
A novel configuration of a circularly polarized circular ring phased array can also
be thought of initially, which can deploy half wave dipoles as the array elements. In the
design of radar systems, it is often desirable to use an antenna which is capable of
transmitting and receiving more than a single polarization. For example, circular
polarization is often used to discriminate against rain clutter. Polarization shifts can be
used in target identification, and long range returns can often be enhanced by the
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summation of orthogonal components. In fixed antennas (reflectors, lens, or arrays), the
polarization can be controlled by precisely adjusting the phase and amplitude of the
orthogonal components of the radiated wave. In a phased array, however, the task is not
simple, since the orthogonal components must be maintained in this critical relationship
over the entire sector of the scan. The problem of designing an antenna element which
can provide good circular polarization over all angles of the scan generally stems from
the inability to match the radiation patterns of the orthogonal elements over the complete
sector.
As discussed earlier, spacings of 0.9λ and 1.0λ produces results for this current
project showing good improvements in gain, but with the big disadvantage of excessive
grating lobes that can be located at random angles due to the triangular lattice structure.
This leads to certain questions: 1) Keeping the triangular lattice, can the intensity of the
grating lobes be reduced? 2) Are there other simulation tools that can consider the mutual
coupling case better with less computational resources, apart from FEKO?. This can be
studied

in

future

parts

of

this

project.
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APPENDIX A- FEKO additional information
FEKO follows certain pre-defined processes to simulate a given design as
follows.


Define variables and media to be used in design and select the desired frequency
range.



Create a geometrical model with the help of given editing options such as to
create solids, curves, surfaces, arcs. If required, use help of the functions to
duplicate a given geometry to further expand, for example, the case of arrays.
Such options come under the Transform tab which includes rotate, translate, scale,
align, mirror, etc. functionalities



Once the geometry is built, proper ports and sources needs to be defined which
come under the Source/Load tab.



The next step is to request required results which comes under the Request tab.
Here, far field patterns and near field patterns are defined with options in theta
and phi variations.



The Mesh tab provides the user with the types of meshing such as coarse, fine, or
custom mesh along with wire radius.



The Solve/Run tab provides the button to simulate the created model. Before that,
it checks for any errors in the model via the Feko solver button, then the model
can be post-processed by the PostFEKO button.



For further information and video tutorials, visit: https://www.feko.info/productdetail/videos
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APPENDIX B- MATLAB additional information

Here, MATLAB code is given to generate the same patterns which are shown in
Section 3.3. The example of 475 elements with 0.75λ spacing has been considered to
generate the code. Here, the user can update the code according to the requirements to get
the required results.

%MATLAB Code from Sensor Array Analyzer App
%Generated by MATLAB 8.1 and Phased Array System Toolbox 2.0
%Generated on 22-Oct-2014 17:39:33
% Array Type ...................................... Circular Planar
%
% Element Type .................................... Isotropic Antenna
% BackBaffled ..................................... Off
% Radius (m) ...................................... 55.5
% Element Spacing (wavelength) .................... 0.75
% Signal Frequencies (Hz) ......................... 50e+6
% Lattice ......................................... Triangular
% Propagation Speed (m/s) ......................... 300e+6
% Steering Angle Azimuth (deg) .................... 0
% Steering Angle Elevation (deg) .................. 0
% Gain at Steering Angle (dB) ..................... 26.7852
% X-Axis Array Span (m) ........................... 0
% Y-Axis Array Span (m) ........................... 108
% Z-Axis Array Span (m) ........................... 108
% Total Number of Elements ........................ 477

% Create a system object
R = 55.5;
ES = 4.5;
L = 'Triangular';
n = round(R/ES*2);
wsURA = warning('off', 'phased:system:array:SizeConventionWarning');
htemp = phased.URA(n, ES, 'Lattice', L);
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warning(wsURA);
pos = getElementPosition(htemp);
elemToRemove = sum(pos.^2) > R^2;
pos(:, elemToRemove) = [];
h = phased.ConformalArray('ElementPosition', pos, 'ElementNormal', ...[1;0]*ones(1,
size(pos, 2)));
h.Element = ...phased.IsotropicAntennaElement;
%Assign frequencies and propagation speed
F = 50000000;
PS = 300000000;
%Adjust frequency range
h.Element.FrequencyRange(1) = min(F);
%Plot the response pattern
pr = plotResponse(h, F(1), PS, 'Format', 'Polar', 'RespCut', '3D');
set(pr, 'LineStyle', 'none');
%Adjust the view angles
view(52, -82);
%Get the title
title = get(gca, 'title');
title_str = get(title, 'String');
%Modify the title
[Fval, ~, Fletter] = engunits(F(1));
title_str = [title_str sprintf('\n') ...num2str(Fval) ' ' Fletter 'Hz No Steering'];
set(title, 'String', title_str);

