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ABSTRACT: In this study, it is aimed to increase the phase responses of the obtained unit cells by using the
fractal structures nested together. Then, the effect of these obtained broad phase-response unit cells on the antenna
gain is examined by using them as reflective elements on the reflect array antenna. For this purpose, 3 different
structures are designed: the circle, the Minkowski used in the circle, and the unit cells obtained by rotating the
Minkowski structure in the circle. The phase response of the first designed circle structure could not meet the
phase requirement for a whole band, and a phase response of 280° is obtained. Then, in the second stage, the
Minkowski structure is designed in the designed circle, and a phase response of 329° is obtained in this structure.
Finally, a structure sufficient for the entire phase response is obtained by rotating the Minkowski structure in the
circle between 0° — 30°. A unit cell with a wide phase response and a 11.7 dBi horn antenna and reflect array
antenna are designed. The gain of the designed reflect array antenna has increased by 91% compared to the horn
antenna and has been obtained as 22.4 dBi. With this result, it has been revealed that the phase response can be
increased by using fractal structures together and especially by rotating the structures, and with this method, high-
gain reflect array antennas with broadband phase response can be designed.

Keywords: Fractal structures, Reflect array antenna, Antenna gain.

1. INTRODUCTION

Reflect array antennas (RAA) are antenna structures that significantly demonstrate
effectiveness in communication technologies, wireless communication systems and satellite
communications. These structures basically consist of a horn antenna as a feed antenna and
multiple reflective microstrip structures placed on a flat ground. As it is known, microstrip
antennas are highly preferred by engineers and researchers due to their low cost, easy
production, thin and planar production capabilities, and so they are the subject of many
studies[1-3]. Likewise, horn antennas are antennas with high directivity and wide bandwidth.
RAA which can normally be produced as parabolic, can be produced in a thin planar way by
combining these superior properties of horn and microstrip antennas.

Fractal structures such as Penta, Koch-triangle, and Minkowski are frequently used as reflective
unit cells used in RAA. Fractal geometries are characterized by the use of the same geometry
in a certain ratio of small and large versions. That is, a particular shape is scaled and repeated
several times to create the fractal structure used. When creating fractal structures, the fractal
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shape is derived in an iterative procedure based on the scaling factor of an initial shape, the
fractal generator, the size of the shape to scale, and the number of iterations. The application of
fractal geometries to conventional antennas increases the antenna performance, thus reducing
the overall size of the structure used [4-6]. Because of these properties of fractal structures, it
is often preferred in the design of reflective array antennas and phased array antennas.

However, bandwidth limitation is a major problem in design of RAA, which is due to the narrow
bandwidth of the radiating elements themselves. Various methods have been suggested in the
literature to increase the bandwidth of the radiating elements, such as using patch elements of
different structure. Single-layer wideband reflect arrays have been studied by using multi-
resonant radiating elements. Efforts have also been made to improve bandwidth using single-
layer broadband reflector arrays, multi-resonant radiation elements, or using sub-wavelength
elements. With these applications, the bandwidth can be increased even in single-layer
structures [7-13].

The working principle of RAAs is to reflect the incoming wave from the surface of the reflective
array elements and direct it to a desired point. Sometimes the source is placed in the center
directly opposite the reflective antenna, and sometimes it can be placed as an offset. The biggest
advantage of reflective array antennas over normal reflective antennas is that they can be placed
on a flat surface. Therefore, it has the advantage of easy production [14,15]. However, in order
to reflect the incoming beam to the desired point, it must first be determined how much
reflection phase is required at which point on the antenna. The patch reflective elements then
need to be placed on the planar antenna surface. By changing the values of each element placed
on the surface, such as size, shape, angle of rotate, the reflection phase values required by each
point on the antenna are obtained. This process is called phase compensation process[16,17].

In this article, first a circular reflector is designed as a reflector array element, and then the
Circle-Minkowski shape obtained by removing the Minkowski shape, which is a fractal
structure, from the circle by etching is designed. The Minkowski fractal reflective array cell is
used by many researchers in their work. While the patch size is sometimes properly kept
constant during the design phase, the reflection phase control is accomplished by varying the
scaling factor n. In our study, the phase compensation of the Minkowski cell was achieved by
changing the scaling ratio n and accordingly the patch size t and the indentation value s. In
addition, the effect of the circle used on the reflection phase was evaluated. As a result of all
the operations, unit cell size values that can provide the phase requirements at all points of the
RAA have been found. Finally, the RAA gain values obtained after appropriate phase
compensation are obtained.

2. METHODOLOGY

2.1. Reflective unit cell designs

2.1.1. Circular unit cell design

In this part, 3 different designs are being made with 11GHz center frequency. The first design
is only in the form of a circle, as seen in Figure 1. All studies are designed and simulated with
the help of CST electromagnetic simulation program. For the simulation setup in the simulation

program, open (add space) is selected for all axes as boundary conditions. In addition, the
number of cells for each wavelength is 10, the accuracy is -60 dB.
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Figure 1. Circle reflective unit cell

Here, Taconic RF-35 (lossy) substrate is preferred as substrate. The loss tangent of the substrate
is 0.0018 for the 11 GHz frequency and its electrical permeability is 3. In order to maximize
reflection, the ground layer is covered with copper. The patch used on the substrate is preferred
as copper. The radius of the circle structure used varies in the range of 2-5 mm. Circle unit cell
parameters are given in Table 1.

Table 1. Circle unit cell design parameters

Parameters Unit (mm)
m Between 2-4.8
Substrate length (L) 10
Substrate width (W) 12
Substrate thickness 1.5
Copper thickness 0,035

After the design process, the circular reflective unit cell is simulated by the electromagnetic
simulation program and the phase correspondence values according to the circle radius are
obtained as shown in Figure 2.
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Figure 2. Phase response plot corresponding to m for a circle reflective unit cell
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When the graph in Figure 2 is examined, it is seen that the reflection phase angle values
corresponding to the m value vary between 112° and —168° and a total phase response of
280° can be obtained.

2.1.2. Circle-Minkowski unit cell design (Without rotation)

In the second reflective unit cell design, as seen in Figure 3, the Minkowski structure is
extracted from the circle shape by etching.

-

Figure 3. Unit cell with Minkowski structure etched from the circle

In Figure 3, the unit cell structure with the Minkowski structure etched from the circle is seen.
In this design, the change of the reflection phase angle is examined by keeping the basic
parameters constant and changing the parameters of the circle and Minkowski structures.

The shape parameters of the Minkowski structure are shown in Figure 4. There are 3 different
cases for m, t and s values. Two of these parameters should be kept constant, one should be
changed, 3 different simulation processes should be performed and phase responses should be
evaluated. Accordingly, firstly, the unit cell is simulated by keeping the shape parameters of
the Minkowski structure, t and s constant, and changing the circle radius (m). But here, in order
that the radius of the circle is not smaller than the Minkowski shape, the dimensions of the
Minkowski structure should be as small as possible and the chosen circle radius should be
chosen in accordance with the Minkowski dimensions. Accordingly, the relation given in
Equation 1 between the indentation s and the width t, used on the Minkowski structure, is taken
into account. The value of n is preferred in the range of 0 to 1. Accordingly, t =2 mm in Figures
3 and 4 is kept constant at s = 0.53mm (n=0.8) and the graph in Figure 5 is obtained by changing
the circle radius between 2-4.8mm.

s
n—t/—3 0<n<l1 (1)
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Figure 4. Minkowski structure
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Figure 5. Phase response plot corresponding to m value for Circle-Minkowski reflective unit cell (m=2-4.8 mm,
t=2 mm, s=0.53mm)

When Figure 5 is examined, when the circle radius m value increases for the Circle-Minkowski
structure, the reflection phase value decreases, and on the other hand, a phase response of 294°
between +126° and —168° is obtained for all angle values. appears to be unavailable.

In the second case, the effect of changing the t minkowski width on the reflection phase value
is examined by keeping the m value, which is the circle radius, and the s minkowski indentation
value constant. Accordingly, the unit cell is simulated according to the change of t value by
keeping it constant at m = 4.5 mm and s=0.53 mm (n = 0.8 mm) and Figure 6 is obtained.
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Figure 6. Phase response plot corresponding to the m value for the Circle-Minkowski reflective unit cell (m=4.5
mm, t=2.2-6.2 mm, s=0.53 mm)

When Figure 6 is examined, it can be seen from the graph that a phase equivalent can be
obtained between about —115° and —172°, and the reflection phase value decreases as the t
value increases.

In the third case, the effect of changing the s value, which is the indentation size, on the phase
response is examined by keeping the m and t values constant. The unit cell is simulated by
keeping m = 4.5 mm and t = 3 mm constant and changing the s value in the range of 0.05-0.85
mm. Accordingly, the graph in Figure 7 is obtained.
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Figure 7. Phase response plot corresponding to m value for Circle-Minkowski reflective unit cell (m=4.5 mm,
t=2-6.2 mm, s=0.53mm)

When Figure 7 is examined, it is seen that there are very small irregular changes in the phase
value, and the phase angle varies between —120,62° and —121,7°. Accordingly, it can be said
that the s indentation value has a very small effect on the phase angle. According to all these
data, the common usage and changes of m, t and s values and the unit cell given in Figure 3 are
simulated according to the simulation parameters given in Table 2.
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Table 2. Circle-Minkowski structure design parameters

Parameters (mm)

m t S
4.8-4.5 6.2-2.0 0.05-0.85
4.4-4.0 5.5-2.0 0.05-0.85
3.9-32 4.4-2.0 0.05-0.85
3.1-2.3 3.2-2.0 0.05-0.85

While preparing Table 2, it should be taken into account that the value of m cannot be less than
the value of t. The simulation process was performed according to these parameters and Figure
8 is obtained. In addition, since the phase response will depend on the m, t and s values at the
same time, Figure 8 is given as the phase response graph corresponding to the simulation
number.
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Figure 8. Phase response plot for Circle-Minkowski reflective unit cell

When Figure 8 is examined, it is seen that the phase response varies between +166° and
—163%and there is a phase gap of 31° where no phase response can be obtained. Therefore,
this means that there are points on the substrate where phase response cannot be obtained while
designing the reflective array.

2.1.3. Circle-Minkowski unit cell design (With rotation)
The third step in the design of the reflective unit cell is to simulate the circle-Minkowski

structure by rotating it between 0°—30° as seen in Figure 9. The simulation parameters are the
same as in the previous step and the simulation process was performed by only rotating.
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_0-30
,~ degree

Figure 9. Circle-Minkowski reflective unit cell (With rotation)

A total of 3500 simulations were performed for the parameters used in Table 2 and for 10 angle
values between 0°—30° and the reflection phase graph corresponding to these parameters is
given in Figure 10. As can be seen in Figure 10, the phase response rotation of the unit cell
spreads over a wider range, ranging from +180° to —180°. This ensures that the phase
response can be obtained for each point on the antenna while designing the reflective array
antenna and the corresponding unit cells can be placed at all points.
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Figure 10. Phase response plot for Circle-Minkowski reflective unit cell (With Rotation)

2.2. Reflect array antenna design

RAAs are generally designed in 3 different structures as circle, square and rectangular incoming
plane waves. However, the working process of all of them is based on the phase delay principle
after the wave coming to the antenna surface illuminated by a source placed in the center or
offset, after it is reflected again. The top and side view structure of the RAA is given in Figure
11.
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v

Figure 11. Top and side view for reflective array antenna (with Calculation parameters)

In the reflective array antenna, the basic structure of which is given in Figure 11, the D distance
is the diameter of the antenna, the F distance is the distance between the source and the antenna,
the AF distance is the path length that must be compensated by the phase delay for the reflective
element at any point, and the distance AF,,,, also represents the maximum amount of path that
needs to be compensated at the corner of the antenna. The m in Figure 10 indicates the
coordinate of the unit cell placed on the antenna and using Equation 2, the distance of the unit
cell to the origin point is calculated.

t=.x%+y? 2)

The distance AF, which represents the amount of path to be compensated at the point where the
unit cell is located, can be calculated using Equation 3. Here, the AF path difference is
calculated by subtracting the distance of the unit cell from the source connected to F and t, from
the source to the origin point.

AF =JFZ+tZ—F 3)

The required phase delay amount (¢) placed at any m point of the antenna can be calculated
using Equation 4.

¢ = —B(AFmax — AF) ()

B, used in Equation 4, represents the path constant of the medium and is expressed by f =
—2m f Therefore, Equation 4 can also be expressed as Equation 5. Here, f represents the
frequency and c represents the speed of light.

Q= —27r£(AFmax — AF) (5)

Using these equations and antenna structure, the phase delay requirement at each point on the
RAA is calculated. Then, using the simulation values in Section 2.1.1-2, the unit cell structures
that provide the phase requirement of each point on the antenna are placed on the antenna. After
the correct sized unit cell structures are placed on the antenna, a horn antenna with a center
frequency of 11 GHz is placed on the RAA as shown in Figure 12. In addition, the shape and
dimensions of the horn antenna used are given in Figure 13.
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Figure 12. Reflective array antenna designed with Circle-Minkowski unit cells
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Figure 13. Horn antenna shape and dimensions

The phase response of all points on the RAA is provided with the unit cell obtained using the
parameters and rotation angle of the Circle-Minkowski structure in Table 2, and accordingly,
unit cells can be placed at all points on the RAA. After completing the design with RAA and
horn antenna, the antenna is simulated with the help of electromagnetic simulation program.
The gain of the horn antenna used here is 11.7 dBi. As a result of the simulated process, the
gain graph shown in Figure 14 is obtained.
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Figure 14. Gain graph of RAA

Figure 14 shows the cartesian gain graph. When the graphs are examined, it is seen that the
maximum gain is 22.4 dBi and there is a good focus on the horn antenna.

3. RESULTS AND DISCUSSION

In this study, 3 different unit cell designs were made to be used on the reflective array antenna.
First, the structure in Figure 1 was designed and simulated as a unit cell, and the reflection
phase response was obtained depending on the circle diameter. According to the simulation
results, the phase response of 280° was taken as seen in Figure 2. This means that phase
response cannot be obtained throughout the entire band, and reflective unit cells cannot be
placed at some points on the RAA to be formed depending on this situation. For this reason, the
structure created by etching the Minkowski structure from the circle seen in Figure 3 was
designed. While designing the Circle-Minkowski structure, there were three cases where two
of the parameters m, t and s were kept constant and one of them was changed. For these three
cases, 350 simulations were made using the parameter ranges given in Table 2 and a phase
response of 329° was obtained. In the last step, the parameters of the circle-minkowski
structure and the rotation of this structure for 10 angle values between 0°—30° were simulated
and 3500 simulation processes were performed. As a result of the simulation, a phase response
of 360° was obtained.

After the unit cell design, whose phase response can be obtained throughout the entire band,
the antenna structure seen in Figure 11, created by placing a reflective unit cell at each point in
the RAA formation, was simulated and the antenna gain at 11 GHz was obtained as 22.4 dBi.
In addition, broadband antenna gain is given in Figure 15.
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Figure 15. Wideband RAA gain graph

When Figure 15 is examined, it is seen that the antenna gain is 16.5 dBi for 9 GHz, 20 dBi for

10 GHz, 22.4 dBi for 11 GHz, 20.8 dBi for 12 GHz and 19.8 dBi for 13 GHz. Accordingly, it
is seen that the antenna gain at 11 GHz is higher than the other frequencies.

4. CONCLUSIONS

In this study, it was first aimed to design a reflective unit cell with a wide phase response range.
For this, a three-stage method was followed. Firstly, the reflective unit cell was simulated using
a circular structure and the phase response of 280° was obtained as a result of the simulation.
Then, in Stage 2, a new reflective unit cell was designed and simulated by etching the
Minkowski structure from the circle structure. As a result of the simulation process according
to the design parameters of the structure, 329° phase response was obtained. However, since
the phase response could not be obtained for a full band, the last stage was started. At this stage,
the Minkowski structure etched from the circle was rotated and simulated again, and a phase
response of 360° was obtained. This allows adding a reflective unit cell to all points on the
reflector array antenna, since phase response can be obtained over a full band. The RAA formed
with these unit cells is shown in Figure 12. As a result of the simulation of the RAA, a gain of
22.4 dBi1 was obtained. Considering that the gain of the horn antenna is 11.7 dBi, a gain of 91%
has been achieved compared to the gain of the horn antenna. According to these results, it has
been revealed that a RAA design with wide phase range and high gain can be made by using
the Circle-Minkowski structure by rotating effect.
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