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Abstract
The increasing number of drones forms a more significant problem every year. Negative impact be-
comes more apparent during daily life as, for example, airport operations are shut down due to unau-
thorized users of drones. This report focuses on designing a new wideband antenna array as part of
an integrated radar system to detect small objects, such as drones or birds. The design is done by
studying generic array design assuming uncoupled antenna elements with omnidirectional radiation
patterns. A comparative study of possible antenna element types has been conducted, concluded with
selecting the best candidate. An antenna array has been designed with the embedded antenna ele-
ments and is verified using a prototype. Finally, an additional enhancement using meta-materials is
done in an attempt to improve the antenna’s performance further.

A wideband patch antenna array is proposed, which achieves a verified impedance bandwidth of
0.90 GHz with a scanning capability of ¯30 degrees in azimuth and ¯15 degrees in elevation. The
measurements verify what the simulations have shown at broadside. Also, simulations have shown
that the impedance could be increased to 2.96 GHz if a smaller feeding pin is used. It is also demon-
strated that an AMC ground plane doesn’t improve the antenna’s performance and is, therefore, not
implemented.
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1
Introduction

This chapter introduces this thesis project. First, it provides some background information about the
problem. Then, it discusses the research problem and the goals for this project are determined. Subse-
quently, the requirements and design constraints set by Robin Radar Systems are discussed, followed
by the state-of-the-art research done on wideband patch antenna arrays. State-of-the-art research
on artificial magnetic conducting (AMC) ground planes is also discussed. The challenges and design
approach for this project are established. Finally, the outline of the rest of this thesis is provided.

1.1. Background
Small flying objects, such as drones and birds, are forming an increasing problem. Wind farms are
shut down during bird migration, and drones are disturbing airport operations. To prevent collisions
between all these ’users’ of airspace, radars are used to monitor movements and locations. Mostly,
larger objects, such as airplanes, are easily detected due to their large radar cross section. However,
smaller objects have a much smaller radar cross section and are, therefore, much harder to detect.

Robin Radar Systems specialises in detecting and classifying these small objects. Their goal is to
provide a safer and secure environment for both humans and birds by building specialised radars. After
the releases of IRIS® and MAX®, it is time for the next generation radar for tracking of small objects.

1.2. Research Problem
Robin Radar Systems requires their next generation radar to be made fully solid state. In other words,
to be made without a mechanical drive. Therefore, printed antennas are preferred. Research on
printed antennas goes back a long way. The first time a printed antenna was mentioned, was by
Grieg and Engelmann in 1952 [1]. However, research on printed antennas originally started in the
1970’s, with the uprising of printed circuit board (PCB) technology [2]. Patch antennas have many
advantages, such as: low-profile, simple to manufacture, mechanically robust and easy integration with
integrated circuits (IC). On the other hand, they have a low efficiency, a low power handling capacity,
an extremely small bandwidth and a relatively low gain [3]. To overcome these disadvantages, such as
a low bandwidth of 1-3%, adjustments can be made to the patch. An increase in operational bandwidth
is desirable, as antennas can be operational at different frequencies, without changing the antenna
layout and structure. Range resolution could also be increased by using a larger bandwidth.

Ultimately, the main objective, addressed in this study, is the design of a wideband phased patch
antenna array. Within this design, the two major goals are 1) to obtain a large impedance bandwidth
of at least 1 GHz, and 2) to suffice the scanning capabilities of 30ⱦ in azimuth and 15ⱦ in elevation.
Additionally, the design has to fulfill the requirements specified by Robin Radar Systems, shown in
table 1.1. Also, the subgoal of this project is, if the performance of the antenna array can be improved
by means of implementing an artificial magnetic conducting ground structure.

1



2 1. Introduction

1.2.1. Requirements
In this section, the requirements set by Robin Radar Systems are elaborated upon. Robin Radar
Systems has pre-determined the following requirements:

• The design frequency of the antenna will be in the 15-16 GHz band with a center frequency in
the range of 15.4-15.7 GHz. As the new radar will work in the vicinity of other products produced
by Robin Radar Systems, this new operational frequency band is chosen to prevent interference
with the other radars.

• First detection of the small objects should be at a distance of 10000 m. From 6000 m, the radar
should be able to classify small objects, such as drones or birds. Earlier research conducted by
Robin Radar Systems shows that these targets have a radar cross section (RCS) of -25 dBm ,
and are best detected by horizontal linear polarisation. The cross polarisation level is desired to
be -25 dB compared to the main lobe of the antenna array.

• To transmit and receive properly, both transmitting and receiving antenna arrays should have a
gain of at least 34 dBi.

• The object must be detected in an area of 60ⱦ in azimuth and 30ⱦ in elevation, and at the classi-
fication distance the objects must also be detected within an accuracy of 50 m.

The requirements are summarized in table 1.1.

Table 1.1: Design requirements set by Robin Radar Systems

Parameter Value
Center frequency 15.4-15.7 GHz

Transmitting antenna gain 34 dBi
Receiving antenna gain 34 dBi
Transmitting power 51.8 dBm
Classification range 6000 m
Detection range 10000 m
RCS target -25 dBm

Azimuth steering capabilities ¯30ⱦ
Elevation steering capabilities ¯15ⱦ

Polarisation horizontal linear
Max. cross polarisation level -25 dB

1.3. State-of-the-art Research
As discussed earlier, patch antennas are commonly used, but lack a large impedance bandwidth [3].
As Robin Radar Systems intends to explore the opportunities of a wideband antenna array; sufficient
scanning capabilities and a large bandwidth are the main requirements for this design. Section 1.3.1
reviews attempts to increase the impedance bandwidth of patch antennas, and section 1.3.2 reviews
attempts to increase performance by implementing an artificial magnetic ground.

1.3.1. Wideband Antenna Arrays
This section will review attempts to increase bandwidth of patch antenna arrays. The following ap-
proaches are considered to increase the bandwidth:

• Usage of thick (multi-layer) substrate;

• Modifying the patch shape;

• Adding additional slots;

• Using stacked patches

In addition, wideband feeding constructions will be discussed.



1.3. State-of-the-art Research 3

Thick (multi-layer) substrate
In the early research done on patch antennas, research has been conducted in increasing bandwidth
by enlarging the substrate thickness. This section compares different approaches trying to improve
the relative impedance bandwidth by increasing the substrate thickness or by using multiple substrates
[4–6]. The effect of increasing substrate and dielectric permittivity is studied by Verma and Nasimuddin
[4]. They propose to increase the thickness in terms of the resonant wavelength, and thus, that the
impedance bandwidth increases up to 5-10% for an increasing thickness up to 0.3 .

In another study by Hasan et al., a multi-layer material substrate patch antenna is designed and
compared to a single layer substrate patch antenna [5]. The study focuses on designing the second/-
top layer of the multi-layer substrate. It is made from yttrium iron garnet nanopowders and exhibits a
permittivity around 4.29, a dissipation factor of 0.05, which is slightly higher than a typical FR4 substrate
and the permeability is 0.868. All in all, adding the extra layer to the substrate increases the impedance
bandwidth from 4.48% to 7.16%.

Subsequently, a multi-layer substrate is proposed by Aslan and Yarovoy for closely spaced ele-
ments [6]. It shows that the use of an optimized 4 layer substrate, improves the operational bandwidth
while scanning. In a 3x1 X-band array is improved from 3.8% to 9.29% at broadside and from 5.72% to
8.65% at a scanning angle of 25ⱦ. The four layers exist out of a very high dielectric layer with permittivity
10.2, followed by a layer with permittivity 2.2, third layer is air (permittivity = 1) and finally, a dielectric
substrate with permittivity 2.2. This method focuses on reducing the mutual coupling between closely
spaced elements. By reducing the mutual coupling, bandwidth improves as well.

Ultimately, it is apparent that a thick or multi-layer substrate reduces the mutual coupling, and there-
fore, the operational bandwidth. These attempts are summarized in table 1.2. The best performance
is achieved by the multi-layer substrate proposed by Aslan and Yarovoy [6]. The relative bandwidth is
improved with 5.5% at broadside, even while scanning.

Table 1.2: A comparison of attempts to increase the operational bandwidth by implementing a thick or multi-layer substrate.

Reference Relative impedance
bandwidth [%]

Thick [4] 5-10
Multi-layer [5] 7.16
Multi-layer[6] 9.29

Modifying the patch shape
The most common microstrip antennas are square, rectangular, or circular antennas, due to the ease
of analysis and fabrication [3]. However, these shapes don’t provide a large impedance bandwidth.
Reshaping the element to any other configuration, has proven to achieve higher impedance bandwidth
[7–13]. First, a comparison is made between C-shape, double-C shape, E-shape and a U-slot antenna
by Bhardwaj and Rahmat-Samii [7]. The comparison is shown in table 1.3. The different antennas
are compared on cross polarisation level, directivity and impedance bandwidth. The cross polarisation
level should be minimized, to optimize the received power level.

Table 1.3: A comparison between different shapes of and slots in an antenna. This table compares on cross polarisation level,
directivity and relative impedance bandwidth [7].

Shape/Slot Cross polarisation level Directivity Relative impedance
(E-plane/H-plane) [dBi] [dBi] bandwidth [%]

C-shape -14/-19 8.0 0.8
Double C-shape -24/-18 8.1 1.26

E-shape -55/-12 7.6 27
U-slot -55/-12 7.6 24

An octagonal antenna shape is proposed by Abbaspour and Hassani [8]. On three of the antenna’s
sides are placed slot inlets to change the current distribution on the patch, resulting in a higher band-
width. The antenna is fed capacitively. i.e. the antenna has a proximity feeding. This also results in an
increase in impedance bandwidth [3]. The proposed antenna achieves a relative impedance bandwidth
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of 50%, and a gain with peak value of 7.35 dBi
Dalvi and Dessai made an analysis of a staircase shaped antenna [9]. It is compared on 4 different

substrates: RT/Duroid 5880, FR4, Bakelite and Ceramic. On all these substrates a relative bandwidth
of approximately 13% is achieved. The antenna with RT/Duroid substrate, the antenna works most
efficient and achieves the highest gain of 4.85 dBi.

Guo et al. propose to print a two-port antenna with crescent moon-shape on a dielectric substrate
[10]. The two patches are fed with 180ⱦ phase reversal (i.e. differential feeding), which leads to broad-
side radiation. The crescent moon-shape is shown in figure 1.1. Measurements and simulation have
shown that the antenna achieves a relative impedance bandwidth of 87%. The drawback of this con-
figuration is that the antenna is fed by twice the amount of ports, leading to increased complexity.

Figure 1.1: The antenna with two opposite crescent moon-shapes fed with a 180ⱦ phase shift [10].

Furthermore, an H-shaped patch antenna is placed over a reactive impedance surface (RIS) by Chat-
terjee et al. [11]. A RIS is a metamaterial structure placed below the antenna to increase the band-
width. It is comparable to high impedance surface (HIS), explained in chapter 1.3.2. The antenna has
an impedance bandwidth of 25.6% without the RIS layer. Nonetheless, it is significantly improved to
44.5% by using the reactive impedance surface. The downside however, is that the antenna is circu-
larly polarized, due to its H-shape. The extra RIS layer also adds more complexity to the antenna.

Two square patches are superimposed to create a octagon-star shape antenna by Shi and Liu [12].
The shape is shown in figure 1.2a. The antenna has a very simple structure and has only a single feed.
They proposed to excite the higher order TM modes, by using a slight size difference of the two patch
antennas. This creates a conical circular polarized (CP) radiation pattern. But, it gives an impedance
bandwidth of 2.4%. In this paper, a truncated-corner antenna is simulated, too. This is displayed in
figure 1.2b. It has similar advantages and disadvantages as the octagon-star shape. But, the antenna
has a slightly larger impedance bandwidth of 3.5% and provides a unidirectional radiation pattern.

The same truncated corner element is studied in an antenna array by Deng et al. [13]. However,
in this case it achieves a much larger impedance bandwidth of 18.7%. In the array, the antennas are
excited with three polarisation modes (linear, circular and linear) with sequential phases. All the modes
have different resonance frequencies. As one of the modes excites circular polarisation, the linear
polarisation is lost.

(a) Octagon-Star (b) Truncated Corners

Figure 1.2: The patch antenna elements designed by Shi and Liu [12].
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To summarize, the shape of the patch antenna has a large effect on its relative impedance bandwidth.
This is shown in table 1.4. The three largest relative impedance bandwidth are the crescent moon,
octagonal and E-shape patch antennas. They all have a impedance bandwidth of above 25%. The
crescent moon shape has even a bandwidth of 87%. The octagonal shape has three slot inlets to
additionally increase the bandwidth, but is an interesting option to consider, just like the E-shape.

Table 1.4: A comparison of attempts to increase relative impedance bandwidth by modifying the shape of the antenna.

Reference Shape of element Relative impedance
bandwidth [%]

[7] C 0.8
[7] Double C 1.26
[7] E 27
[8] Octagonal 50
[9] Stair-Case 13
[10] Crescent Moon 87
[11] H 25.6
[12] Octagon-Star 2.4
[12] Truncated-Corner 3.5
[13] Truncated-Corner 18.7

Adding additional slots
Another approach to increase the impedance bandwidth of an antenna, is adding additional slots to
the patch antennas [7, 14–22]. A double U-slot is proposed by Valavan and Knott [14]. Both slots are
connected to each other. It creates a large relative impedance bandwidth of 35%. But, this approach
uses proximity feeding, which has a larger bandwidth than microstrip or coaxial fed antennas [3]. Yoon
and Seo suggested a patch with two non-connected U-slots, as shown in figure 1.3a [15]. It achieves
a gain of 8.5 dBi for a single antenna and an impedance bandwidth of 13.37%.

A T- or L-slot is proposed by Saini and Agarwal to achieve higher bandwidth [16]. The small slotted
patch antenna is of size 3.3x1.7 mm . The antenna is shown in figure 1.3b. It achieves a 6.4 dB gain
and has a relative impedance bandwidth of 10.5%. Additionally, an antenna proposed by Wei et al.
has a double-y slot [17]. It has a huge relative impedance bandwidth of 64.4% and high gain of 8.5 dB.
Wei et al. only proposed additional enhancements, such as multiple substrates to widen the bandwidth
and a reflector for a uni-directional directivity and gain improvement. Also, an aperture coupled feeding
mechanism is used, which like proximity feeding, has a larger bandwidth [3].

(a) 2 U-slots [15] (b) T-slot [16] (c) Slots plus truncated corners [21]

Figure 1.3: Patch antennas with different slots that increase the impedance bandwidth and gain.

A single U-slot antenna is discussed in the comparison of Bhardwaj and Rahmat-Samii [7]. The com-
parison is shown in table 1.3. The antenna achieves a large impedance bandwidth of 24%. An antenna
with a cross slot is proposed by Díaz et al. [18]. The design is improved with multiple enhancements,
such as a mirroring technique on array level for cross polarisation reduction and stacking the patch
antenna with multiple substrates. Therefore, it has a impedance bandwidth of 370 MHz at a center
frequency of 2.9 GHz and has a high scanning performance up to ¯60ⱦ.
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�S�U�R�S�H�U�W�L�H�V �R�I �W�K�H �D�Q�W�H�Q�Q�D �D�W �D�O�O�� �D�V �W�K�H �$�0�& �D�Q�G �D�U�U�D�\ �D�U�H �G�H�V�L�J�Q�H�G �D�W �G�L�I�I�H�U�H�Q�W �I�U�H�T�X�H�Q�F�L�H�V�� �7�K�H �F�R�G�H�G
�G�H�V�L�J�Q �P�D�Q�L�S�X�O�D�W�H�V �W�K�H �D�Q�W�H�Q�Q�D�¶�V �V�F�D�W�W�H�U�L�Q�J �S�H�U�I�R�U�P�D�Q�F�H�� �D�Q�G �W�K�H�U�H�I�R�U�H�� �L�V �K�D�U�G�O�\ �G�H�W�H�F�W�D�E�O�H �E�\ �R�W�K�H�U
�D�Q�W�H�Q�Q�D�V��

�)�L�J�X�U�H ���������� �7�K�H �F�R�G�H�G �G�H�V�L�J�Q �R�I �W�K�H �$�0�& �>���� �@�� �2�Q �W�K�H �O�H�I�W �W�K�H �F�R�G�H�G �G�H�V�L�J�Q �L�Q �������� �$�Q�G �R�Q �W�K�H �U�L�J�K�W �W�K�H �G�H�V�L�J�Q �X�V�L�Q�J �W�K�H �W�Z�R
�G�L�I�I�H�U�H�Q�W �X�Q�L�W �F�H�O�O�V��

�)�X�U�W�K�H�U�P�R�U�H�� �W�Z�R �D�U�W�L�I�L�F�L�D�O �P�D�J�Q�H�W�L�F �F�R�Q�G�X�F�W�R�U �F�H�O�O�V �D�U�H �F�R�P�E�L�Q�H�G �L�Q �D �F�K�H�V�V�E�R�D�U�G���O�L�N�H �P�H�W�D�P�D�W�H�U�L�D�O
�V�X�U�I�D�F�H ���&�/�0�6�� �E�\ �=�K�H�Q�J �H�W �D�O�� �>���� �@�� �7�K�H �V�X�U�I�D�F�H �H�[�L�V�W�V �R�I ���[�� �$�0�& �F�H�O�O�V�� �Z�K�L�F�K �H�[�L�V�W�V �R�I ���[�� �H�O�H�P�H�Q�W�V
�R�I ������ �E�\ ������ �P�P�� �7�K�H �F�H�Q�W�H�U �$�0�& �F�H�O�O �L�V �U�H�S�O�D�F�H�G �E�\ �D�Q �D�Q�W�H�Q�Q�D �R�I ������ �E�\ ������ �P�P�� �7�K�H �D�Q�W�H�Q�Q�D �Z�L�W�K
�W�K�H �&�/�0�6 �V�K�R�Z�V �D �S�H�D�N �J�D�L�Q �H�Q�K�D�Q�F�H�P�H�Q�W �R�I ������ �G�% �D�Q�G �L�W �K�D�V �D�O�V�R �D �E�D�Q�G�Z�L�G�W�K �R�I �������� �*�+�] �D�W �D
�F�H�Q�W�H�U �I�U�H�T�X�H�Q�F�\ �R�I �������� �*�+�]�� �7�K�H �G�L�V�D�G�Y�D�Q�W�D�J�H �R�I �W�K�L�V �F�R�Q�I�L�J�X�U�D�W�L�R�Q �L�V �W�K�D�W �W�K�H �V�X�U�I�D�F�H �L�V �D�Q �$�0�&
�V�W�U�X�F�W�X�U�H �L�Q�V�W�H�D�G �R�I �W�K�H �J�U�R�X�Q�G �S�O�D�Q�H�� �7�K�X�V�� �W�K�H �$�0�& �F�D�Q�Q�R�W �E�H �X�V�H�G �L�Q �D�Q�W�H�Q�Q�D �D�U�U�D�\�V��

�$�W �O�D�V�W�� �=�K�X �H�W �D�O�� �S�U�R�S�R�V�H�G �D �Z�L�G�H�E�D�Q�G �P�X�O�W�L�S�O�H���L�Q�S�X�W �P�X�O�W�L�S�O�H���R�X�W�S�X�W ���0�,�0�2�� �D�Q�W�H�Q�Q�D �Z�L�W�K �D�Q �$�0�&
�J�U�R�X�Q�G �S�O�D�Q�H �>���� �@�� �7�K�H �F�R�P�E�L�Q�D�W�L�R�Q �D�F�K�L�H�Y�H�V �D �K�L�J�K �X�Q�L�G�L�U�H�F�W�L�R�Q�D�O �J�D�L�Q �F�R�P�S�D�U�H�G �W�R �D�Q �D�Q�W�H�Q�Q�D �Z�L�W�K �D
�S�H�U�I�H�F�W �H�O�H�F�W�U�L�F �F�R�Q�G�X�F�W�L�Q�J �J�U�R�X�Q�G �S�O�D�Q�H�� �7�K�H �S�U�R�S�R�V�H�G �D�Q�W�H�Q�Q�D �K�D�V �D ������ �G�%�L �S�H�D�N �J�D�L�Q �D�Q�G �D �U�H�O�D�W�L�Y�H
�L�P�S�H�G�D�Q�F�H �E�D�Q�G�Z�L�G�W�K �R�I ������������ �7�K�H �V�W�U�X�F�W�X�U�H �L�V �X�V�H�G �R�Q �D �Z�L�G�H�E�D�Q�G �D�Q�W�H�Q�Q�D�� �Z�K�L�F�K �H�[�S�O�D�L�Q�V �S�D�U�W�L�D�O�O�\
�W�K�H �K�L�J�K �E�D�Q�G�Z�L�G�W�K�� �7�K�H �G�L�S�R�O�H �L�V �R�I �D�S�S�U�R�[�L�P�D�W�H �G�L�P�H�Q�V�L�R�Q ���� �E�\ ���� �P�P �D�Q�G �L�V �F�R�P�E�L�Q�H�G �Z�L�W�K �D
�F�R�X�S�O�H �R�I �9���V�K�D�S�H�G �S�D�W�F�K �D�Q�W�H�Q�Q�D�V�� �7�K�H �D�Q�W�H�Q�Q�D�V �D�U�H �S�O�D�F�H�G �R�Q �W�R�S�� �D�Q�G �E�R�W�W�R�P�V�L�G�H �R�I �D �O�D�P�L�Q�D�W�H
�D�Q�G �D�U�H �V�K�R�U�W�H�G �D�W �F�H�U�W�D�L�Q �S�R�L�Q�W�V�� �7�K�H�U�H�I�R�U�H�� �W�K�H �F�X�U�U�H�Q�W �I�O�R�Z �L�Q �E�R�W�K �S�D�W�F�K�H�V �L�V �L�Q �W�K�H �V�D�P�H �G�L�U�H�F�W�L�R�Q��
�,�Q �W�K�H �H�Q�G�� �W�K�L�V �O�D�P�L�Q�D�W�H �L�V �S�O�D�F�H�G �G�L�D�J�R�Q�D�O �R�Q �D ���[�� �V�T�X�D�U�H �S�D�W�F�K �$�0�&�� �H�D�F�K �$�0�& �X�Q�L�W �F�H�O�O �K�D�V �D �V�L�]�H
�R�I ���� �E�\ ���� �P�P �Z�L�W�K �D �J�D�S �R�I �� �P�P �E�H�W�Z�H�H�Q �W�K�H �D�Q�W�H�Q�Q�D�V��

�6�X�P�P�D�U�\
�2�Y�H�U�D�O�O�� �P�R�V�W �R�I �W�K�H �D�U�W�L�I�L�F�L�D�O �P�D�J�Q�H�W�L�F �J�U�R�X�Q�G �S�O�D�Q�H�V �J�L�Y�H �D�Q �D�G�H�T�X�D�W�H �S�H�U�I�R�U�P�D�Q�F�H �L�P�S�U�R�Y�H�P�H�Q�W��
�7�K�L�V �L�V �V�X�P�P�D�U�L�]�H�G �L�Q �W�D�E�O�H�������� �7�K�H �G�L�P�H�Q�V�L�R�Q�V �R�I �W�K�H �D�Q�W�H�Q�Q�D�V �F�R�P�S�D�U�H�G �W�R �W�K�H �J�U�R�X�Q�G �S�O�D�Q�H�V �D�U�H
�F�R�P�S�D�U�H�G �L�Q �W�D�E�O�H�������� �7�K�H �$�0�& �J�U�R�X�Q�G �S�O�D�Q�H �P�X�V�W �D�O�V�R �E�H �D�S�S�O�L�F�D�E�O�H �W�R �D�Q �D�Q�W�H�Q�Q�D �D�U�U�D�\�� �O�L�N�H �W�K�H
�S�R�O�D�U�L�V�D�W�L�R�Q �L�Q�G�H�S�H�Q�G�H�Q�W �$�0�& �>���� �@�� �$�O�O �L�Q �D�O�O�� �L�W �L�V �D�S�S�D�U�H�Q�W �W�K�D�W �D �G�H�V�L�J�Q�H�G �$�0�& �J�U�R�X�Q�G �S�O�D�Q�H �F�R�X�O�G �E�H
�D �X�V�H�I�X�O �D�G�G�L�W�L�R�Q �L�Q �W�K�H �D�Q�W�H�Q�Q�D �G�H�V�L�J�Q�� �,�I �W�K�H �G�H�V�L�J�Q �I�U�H�T�X�H�Q�F�\ �R�I �W�K�H �$�0�& �L�V �P�D�W�F�K�H�G �Z�L�W�K �W�K�H �U�H�V�R�Q�D�Q�W
�I�U�H�T�X�H�Q�F�\ �R�I �W�K�H �D�Q�W�H�Q�Q�D �R�U �D�Q�W�H�Q�Q�D �D�U�U�D�\�� �D �J�D�L�Q �L�P�S�U�R�Y�H�P�H�Q�W �R�I �� �G�%�L �F�R�X�O�G �E�H �D�F�K�L�H�Y�H�G�� �$�G�G�L�W�L�R�Q�D�O�O�\��
�L�W �L�V �G�L�V�F�H�U�Q�L�E�O�H �W�K�D�W �W�K�H �U�H�O�D�W�L�Y�H �L�P�S�H�G�D�Q�F�H �E�D�Q�G�Z�L�G�W�K �Y�D�U�L�H�V �E�H�W�Z�H�H�Q ������ �D�Q�G �������� �7�K�H�U�H�I�R�U�H�� �D �S�U�R�S�H�U
�G�H�V�L�J�Q �Z�L�O�O �Z�R�U�N �Z�L�W�K �Q�D�U�U�R�Z�� �D�V �Z�H�O�O �D�V �Z�L�G�H�E�D�Q�G �D�Q�W�H�Q�Q�D�V�� �V�X�F�K �D�V �W�K�H �E�R�Z���W�L�H �G�L�S�R�O�H�� �,�I �W�K�H �$�0�&
�J�U�R�X�Q�G �S�O�D�Q�H �D�O�O�R�Z�V �W�R �P�R�X�Q�W �P�X�O�W�L�S�O�H �D�Q�W�H�Q�Q�D�V �R�Q �W�R�S �R�I �L�W�� �L�W �F�R�X�O�G �Z�R�U�N �R�Q �D�Q �D�Q�W�H�Q�Q�D �D�U�U�D�\�� �D�V �Z�H�O�O��

�2�E�V�H�U�Y�L�Q�J �D�W �W�D�E�O�H�V������ �D�Q�G�������� �V�R�O�X�W�L�R�Q�V �I�R�U �J�D�L�Q �H�Q�K�D�Q�F�H�P�H�Q�W �R�I �D �Z�L�G�H�E�D�Q�G �D�Q�W�H�Q�Q�D �D�U�U�D�\ �P�L�J�K�W
�E�H �W�K�H �D�S�S�U�R�D�F�K�H�V �R�I �W�K�H �I�U�D�F�W�D�O �Z�L�G�H�E�D�Q�G �$�0�& �F�H�O�O�V �>���� �@ �R�U �W�K�H ���[�� �I�L�U�V�W �R�U�G�H�U �I�U�D�F�W�D�O �X�Q�L�W �F�H�O�O�V �>���� �@ �D�V



���� ���� �,�Q�W�U�R�G�X�F�W�L�R�Q

�W�K�H�\ �E�R�W�K �K�D�Y�H �D �K�L�J�K �U�H�O�D�W�L�Y�H �L�P�S�H�G�D�Q�F�H �E�D�Q�G�Z�L�G�W�K �D�Q�G �D �J�R�R�G �J�D�L�Q �L�P�S�U�R�Y�H�P�H�Q�W�� �$�Q�R�W�K�H�U �R�S�W�L�R�Q �L�V
�W�K�H �I�U�D�F�W�D�O �X�Q�L�W �F�H�O�O�V �R�I �>���� �@�� �L�I �W�K�H �U�H�V�R�Q�D�Q�F�H �I�U�H�T�X�H�Q�F�L�H�V �D�U�H �F�O�R�V�H �H�Q�R�X�J�K �W�R �H�D�F�K �R�W�K�H�U�� �V�X�F�K �W�K�D�W �W�K�H
�X�Q�L�W �F�H�O�O �K�D�V �Z�L�G�H�E�D�Q�G �F�K�D�U�D�F�W�H�U�� �$�Q �L�Q�W�H�U�H�V�W�L�Q�J �I�H�D�W�X�U�H �W�R �F�R�Q�V�L�G�H�U �L�V �W�R �R�Y�H�U�O�D�S �W�K�H �X�Q�L�W �F�H�O�O�V�� �V�X�F�K �D�V
�/�L�Q �H�W �D�O�� �G�L�G �>���� �@�� �8�O�W�L�P�D�W�H�O�\�� �W�K�H�V�H �G�H�V�L�J�Q�V �V�K�R�Z �S�U�R�P�L�V�L�Q�J �I�H�D�W�X�U�H�V �W�K�D�W �H�O�H�F�W�U�L�F�D�O �F�R�Q�G�X�F�W�R�U �J�U�R�X�Q�G
�S�O�D�Q�H�V �G�R�Q�¶�W �K�D�Y�H��

�7�D�E�O�H �������� �&�R�P�S�D�U�L�V�R�Q �R�I �G�L�I�I�H�U�H�Q�W �Y�D�U�L�D�W�L�R�Q�V �R�I �$�0�&�¶�V �R�Q �J�D�L�Q �L�P�S�U�R�Y�H�P�H�Q�W �D�Q�G �E�D�Q�G�Z�L�G�W�K

�5�H�I�H�U�H�Q�F�H�*�D�L�Q �Z�L�W�K�R�X�W�*�D�L�Q �Z�L�W�K�*�D�L�Q �L�P�S�U�R�Y�H�P�H�Q�W�5�H�O�D�W�L�Y�H �L�P�S�H�G�D�Q�F�H
�$�0�& �>�G�%�L�@ �$�0�& �>�G�%�L�@ �>�G�%�L�@ �E�D�Q�G�Z�L�G�W�K �>���@

�>���� �@ ���������� ���������� �������� ���������� ���������� ���������� ���������� ���������� �������� ��������������
�>���� �@ ������ ������ �� ��������
�>���� �@ ������ �������� �������� ����������

�D�Q�W�H�Q�Q�D�>���� �@ �� ������ �� ����
���[�� �D�U�U�D�\�>���� �@ �� ���� �� ��������

�>���� �@ �������� �������� �������� ����������
���[�� �D�U�U�D�\ �>���� �@ �������� �������� �� ��������

�>���� �@ ������ ������ ������ ����������
�>���� �@ �� ������ �� ��������

�7�D�E�O�H �������� �&�R�P�S�D�U�L�V�R�Q �R�I �W�K�H �G�L�P�H�Q�V�L�R�Q�V �R�I �D �V�L�Q�J�O�H �D�Q�W�H�Q�Q�D �Z�L�W�K �W�K�H �G�L�P�H�Q�V�L�R�Q�V �R�I �W�K�H �$�0�& �J�U�R�X�Q�G �R�U �V�X�U�I�D�F�H��

�5�H�I�H�U�H�Q�F�H�$�Q�W�H�Q�Q�D �G�L�P�H�Q�V�L�R�Q�8�Q�L�W �F�H�O�O�$�0�& �J�U�R�X�Q�G �S�O�D�Q�H
�>�P�P�¼�@ �G�L�P�H�Q�V�L�R�Q �>�P�P�¼�@ �G�L�P�H�Q�V�L�R�Q �>�P�P�¼�@

�>���� �@ �����[���� �����[���� �����[����
�>���� �@ �����[�� �����[���� �����[������
�>���� �@ �����[���� ���������[������ �����[����
�>���� �@ �����[���� �����[���� �������[������
�>���� �@ �����[���� �������[������ ���������[��������
�>���� �@ �����[���� ���[�� �����[����
�>���� �@ ���[������ ���[�� �����[����
�>���� �@ �����[���� �����[���� �����[����

���������&�K�D�O�O�H�Q�J�H�V �D�Q�G �R�X�W�O�L�Q�H
�'�H�V�L�J�Q�L�Q�J �W�K�H �S�K�D�V�H�G �D�Q�W�H�Q�Q�D �D�U�U�D�\ �O�H�D�G�V �W�R �W�K�H �I�R�O�O�R�Z�L�Q�J �F�K�D�O�O�H�Q�J�H�V��

�‡�0�X�W�X�D�O �F�R�X�S�O�L�Q�J �Q�H�H�G�V �W�R �E�H �P�L�Q�L�P�L�]�H�G �W�R �S�U�H�Y�H�Q�W �F�K�D�Q�J�H�V �L�Q �W�K�H �U�D�G�L�D�W�L�R�Q �S�D�W�W�H�U�Q �R�I �W�K�H �D�U�U�D�\
�D�Q�G �F�K�D�Q�J�H�V �L�Q �W�K�H �L�Q�S�X�W �L�P�S�H�G�D�Q�F�H �R�I �W�K�H �L�Q�G�L�Y�L�G�X�D�O �H�O�H�P�H�Q�W�V �L�Q �W�K�H �D�U�U�D�\��

�‡�7�R �S�U�H�Y�H�Q�W �U�D�G�L�D�W�L�R�Q �L�Q �X�Q�Z�D�Q�W�H�G �G�L�U�H�F�W�L�R�Q�V�� �V�L�G�H �O�R�E�H �O�H�Y�H�O �V�K�R�X�O�G �E�H �D�W �O�H�D�V�W ������ �G�%�L��
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