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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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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 30¥ in azimuth and 15* 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 60¥ in azimuth and 30¥ 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 —30¥
Elevation steering capabilities —15¢
Polarisation horizontal linear
Max. cross polarisation level -25dB

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.
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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 25¥. 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/Silot 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 180¥ 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 180¥ 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].

Ws W

Ls

(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 Diaz 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 ~ 60~
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JURXQG SODQH WKHJURXQG SODQH ZRUNV DV D SRODUL]JHU ZKLFK FRQ

G% D[LDO UDWLR LQWR FLUFXODU SRODULVDWLRQ

7R FRQFOXGH WKH HIIHFW RQ WKH LPSHGDQFH EDQGZLGWK E\DGGLQ
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DOO VORWYV DFKLHYHDQLPSURYHPHQW LQ LPSHGDQFHEDQGZLGWK E:
ODULVDWLRQ GXH WR WKH YDULDWLRQV LQ FXUUHQW GLVWULEXWLRQ R

TXLWHD KLIJIKEDQGZLGWK RI DW OHDVW EXWFUHDWHD KLIJK FURVYV ¢
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S5HIHUHQFH 7\SHRIVORW | 5GHODWLYH LPSHGDQFH

EDQGZLGWK > @
> @ 'RXEOH 8 FRQQHFWHG
> @ 'RXEOH 8 GLVFRQQHFWHG
> @ 7 VORW
> @ /| VORW
> @ 'RXEOH <
>@ 8 VORW
> @ &URVYV
> @ 8 VORW FRPELQHG ZLWK ( VKDSH
> @ ORGLILHG 8 VORW
> @ HGIJHDQG FHQWHU VORW V
> @ &RPELQHG 7 DQG|8 VORW

8VLQJ VWDFNHG SDWFK DQWHQQDV
$QRWKHU DSSURDFK WR LQFUHDVH WKH LPSHGDQFH EDQGZLGWK LV WR
RWKHU 7KHDQWHQQDV FDQEHUDGLDWLQJSDWFKHY DQGEH SK\VLFDO
DFW DV DQ SDUDVLWLF SDWFK RQ WRS RI WKH UDGLDWLQJ SDWFK ,Q EF
SURSHUWLHV RI ERWK SDWFKHV WR LQFUHBV® WKH LPSHGDQFH EDQGZL

JLUVW .OLRQRYVNL DQG 6KDPLP VXJIJHVWHG D SK\VLFDOO\ FRQQHFV
ZLWK FLUFXODU FXWRXW/ L7KWKHWRBQMUANKRZQ KB DIQWHB QD DFKLHYF
UHODWLYH LPSHGDQFH EDQGZLGWK RI ZLWK D FRQVWDQW JDLQ R
KLIJK EDQGZLGWK GXH WR GLIIHUHQW UHVRQDQW IUHTXHQFLHV +RZH
LQ DUUD\IRUP DQG WKHUHIRUH LW UHPDLQV XQNQRZQ KRZ WKH XSSHL
HDFK RWKHU

$ VWDFNHG SDWFKHG DQWHQQD DUUD\RI E\ HOHPH@WVKN SDWERV
DQWHQQDV ERWK KDYH D VTXDUH VKDSH DQG WKH ERWWRP DQWHQQD L
KDV D UHODWLYH EDQGZLGWK R ZKLFK LV FRPSDUDEOH WR WKH V
GLVFXVVHG LQ WKHLU VWXG\



6WDWH RI WKH DUW 5HVHDUFK

JLIXUH 7KH SK\VLFDOO\ FRQQHFWHG @W ODKMHIBUSRW SR DQWW Q/®RDWKH SK\VLFDO FRQQHFWL
SDWFKHYV

<DQHW DO GHVLJQHGD OD\HUVXEVWUDWHVWDFNHG SDWFKDQWHQQD I
DUUD@ 7KH OD\HUV DUH LQ WKH IROORZLQJ RUGHU IURP ERWWRP WR WR
SDWFK DLU JDS DQG WKH VWDFNHG SDWFK 7KH OD\HUV RQ WKHLU RZQ LQ
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T QWURGXFWLRC

D 7TKHDQWHQQD DUUD\ E 7KHVKDUHG DUUD\ ZLWK VKDUHG SDUDVLWLF SDWFK I

JLIXUH 7KHDSHUWXUH FRXSOHG VWDFN PLFUBRVWULS DQWHQQD FRQILIXUDWLRQV >

DQG YHUWLFDO DQG FLUFXODU ULJKW KDQGHG DQG OHIW KDQGHG (L
SDWFKHV SODFHGRQ WRS 7KHWRWDOVL]HRIWKH SDUDVLWLF SDWFKE
$ KRULJRQWDO OLQHDU SRODUL]HG DQWHQQD LV UHTXLUHG ,Q WKLV FR
EDQGZLGWK RI DQG D JDLQ RI G%L 7KHFURVV SRODULVDWLRQ O
WKDQ WKH FR SRODULVDWLRQ OHYHO 7KH GLVDGYDQWDJH LV WKDW Wi
PHWKRG WR VZLWFK EHWZHHQ SRODULVDWLRQV 7KHUHIRUH WKH UDGI
ZDV VSHFLDOLVHG RQ RQH SRODULVDWLRQ IRUWKH UDGLDWHG ZDYH

$ GXDO EDQG VWDFNHG DQWHQQD LV ® URKRRWKHSDEN FKXDHW B Q QB V DU H
SUREH ZKHUH WKH ORZHU SDWFK LV DQ ( VKDSHDQG WKH WRS SDWFK KI
LQFUHDVHV WR 8QIRUWXQDWHO\ WKHDQWHQQD H[KLELWYV D KLJK F
G%L $W ODVW <DQJ HW DO SURSRVHG D VWDFNHG XOWUD ZLGHEDQ
&R ILUHG &HUDPLF /78&8& @ HFKBROBLDWLQJ DQWHQQD LV IHG XVLQJ D
JURXQG SODQH &RQYHQWLRQDOO\ DQ DSHUWXUH VORW LV IHG XVLQJ
IHG LV FKDQJHG WR D SDUDOOHO ZLUHWUDQVPLVVLRQ OLQH 7KH GLIIH
VORW ZKLFKLQ WXUQ FRXSOHV WKH HQHUJ\WR WKH VWDFENHG SDWFK C
EDQGZLGWKRI DQGDPD[LPXPEURDGVLGHJDLQRI G%LLVDFKLHYH
RYHULPSHGDQFHEDQGZLGWK WKHUHIRUH DQDGGLWLRQDO UHFWDQJ
WKLV VHWXS LV QRW VLPXODWHG LQDQDUUD\ DQGLWLVXQNQRZQKRZ\
ULQJ ZLOO LQIOXHQFH RWKHU SUR[LPDWH DQWHQQDYV

7R FRQFOXGH WKH DSSURDFKHV KDYHLOOXVWUDWHG WKDW VWDFNH
IRUZLGHEDQG DQWHQQDV DQG DQWHQQD DUUD\V 7KH D S Kb RCCRKHW DWW
EDQGZLGWK WKDW LV DFKLHYHG LV E\ WKH SK\V LD QW KRWY DG kW S iEODN
EDQGZLGWK RI 8QIRUWXQDWHO\ LW LV XQNQRZQ KRZ WKLV DQWH
DQWHQQDV DUHH[FLWHG LW PLJKW LQGXFHD ORW RIPXWXDO FRXSOLQG
ZHUH SUHVHQWHG KDYHDOOPRUHRUOHVVDEDQGZLGWKDURXQG D¢

7TDEOH $ FRPSDULVRQRIDSSURDFKHVWRLQFUHDVH WKHLPSHGDQFHEDQGZLGWK XVL(

SHIHUHQ®HPHQW R/USBIOWIMLYH LPSHGDQFH
EDQGZLGWK > @

(OHPHQ
(OHPHQ
(OHPHQ
[ $UUD\
[ $UUD\
[ $UUD\
6KDUHG DUUD\
[ $UUD\
(OHPHQ
(OHPHQ

VVVVYVVYVYVYVYV
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6WDWH RI WKH DUW 5HVHDUFK

'LGHEDQG IHHGLQJ PHWKRGYV
1H[W WR GRLQJ PRGLILFDWLRQV WR WKH SDWFK DQWHQQD LWV IHHGLQJ PH
LWV EDQGZL@VKQ WKLY VHFWLRQ DSSURDFKHV RI ZLGHEDQG IHHGLQJ PHW
JLUVW DQ DQWLV\PPHWULF / VKDSH SUREH i@/ STUKHVSIOR\EHHGHEL WWN R WWD R
D+ VKDSHG IHHGOLQH JURXQG ZLWK DQWLV\PPHWULF / VKDSH SDWFKHV R
SHUSHQGLFXODU EHWZHHQ WKH SDWFK DQWHQQD DQG WKH JURXQG SODQH
$V WKH SUREH LV DOLJQHG LQ RQH GLPHQVLRQ OLQHDU SRODULVDWLRC
DQ LPSHGDQFH EDQGZLGWK RI 'LWKLQ WKLV IUHTXHQF\ EDQG D PHDV
WR G%L 8QIRUWXQDWHO\WKH SUREH LV PPLQ KHLJKW ZKLFK HQODL
WKH DQWHQQD ODQXIDFWXULQJRI WKHDQWHQQD PLIKW EH GLIILFXOW $¢
VLPXODWHG LQ DUUD\ IRUP WKHUHIRUH WKHPXWXDO FRXSOLQJEHWZHHQ

JLIXUH 7KHDQWL V\PPHWULF/ VKDSHG S@REH LQ SHUVSHFWLYH YLHZ >

$QRWKHUDSSURDFK SURSRVHG E\+DLGHU XVHV D EO®@Q GQWW.IOLVFRBEH WR H
WKH DQWHQQD PDWFKHV PRUH WKH FK D UDRFMWKH. VIH.GLLPISBIIGDH) FAHK LYV LQF U
WKH RSHUDWLRQDO EDQGZLGWK DQG UHGXFHV WKH PXWXDO FRXSOLQJ EHW
LPSHGDQFH EDQGZLGWK LV LQFUHDVHG WR DERXW IRUDG6 EDQG DQWHQQ
PLFURVWULS DQWHQQD

‘RQJHW DO SURSRVHG WR XVHDPHDQGHULQJ SURE® L$SQPRDOMWE HIIQ I O D\H L
SUREH LQWURGXFHVY DQ DGGLWLRQDO FDSDFLWDQFH WR UHGXFH WKH SUR]
EDQGZLGWK 1RUPDOO\ WKLV IHHGLQJ WHFKQLTXH XVHV DQ DLU ORDGHG V
LQWHJUDWHG VWUXFWXUH 7KHOLQHDUO\SRODUL]HG SDWFKDQWHQQD DF
DQ LPSHGDQFH EDQGZLGWK RI ,Q DGGLWLRQ FURVV SRODULVDWLRQ C
DFURVV WKH RSHUDWLQJEDQGZLGWK

$ PRGLILHG/ SUREH IHHG ZLWK D FDSDFLWLYH PDWFKLQJ UL@J DUUDQJHP
7KH SUREH H[LVWV RXW RI D SODWH WKURXJK KROH F\OLQGHU ZKLFK UHV;
QHFWHG ZLWK D ILHOG PDWFKLQJ ULQJ DQG D VWULSOLQH WUDQVLWLRQ 7
LW LV VKRZQ LQ |IRQIWKHYV FRQILIXUDWLRQ WKH PDWFKLQJ ULQJDQG WKH V'
FDSDFLWLYH UHDFWDQFH ZKLFK EDODQFHV RXW WRJHWKHU ZLWK WKH LQG
PDWFKHG IHHGLQJ PHFKDQLVP UHVXOWLQJLQ PXWXDO FRXSOLQJUHGXFWI
EHFUHDWHG 7KHLPSHGDQFHEDQGZLGWKLVDURXQG 7KH SURSRVHG SI
LI WKH UHVRQDQFHV ZRXOG OLH FORVHU WRJHWKHU WKH GXDO EDQG DQWH (

7KH DSSURDFKHV WR XVH D ZLGHEDQG IHHGLQJ WHFKQLTXH WR LQFUHD V'
LQ WDEQW LV GLVFHUQLEOH WKDW PRVW RI WKH ZLGHEDQG IHHGLQJ WHFKQL
UHJXODU SDWFK DQWHQQDV ZLWK HYHQ D ODUJHVW EDQGZLGWK RI 7K
LQFUHDVHG GUDVWLFDOO\ZLWK PXOWLSOH OD\HUV RUPDWFKHG SUREHYV



T QWURGXFWLRC

)LIXUH 7KH 1/DPSSRVWY IHH@ QJ PHFKDQLVP >
7DEOH $ FRPSDULVRQ EHWZHHQ DSSURDFKHV WR LQFUHDVH WKH LPSHGDQFH EDQGZLC
SHIHUHQFH OHWKRG SHODWLYH LPSHGDQFH
EDQGZLGWK > @
> @ $QWLV\PPHWULF/ YVKDSH SUREH
> @ %OLQG 9LD )HQFH
> @ OHDQGHULQJ 3UREH
> @ TODPSSRVWY{ DS|ISDUDW XV

6 XPPDU\
7TKLFEN RUPXOWL OD\HU VXEVWUDWHY LPSURYH WKHEDQGZLGWK VOLJK
SOLQJEHWZHHQ HOHPHQWYV ZKLFK LV EHQHILFLDO IRUD ODUJH DQG GH
6XEVHTXHQWO\ PRGLIWLQIJWKHVKDSHRIWKHSDWFKDQWHQQDKDVD
ZLGWK 7DEQRZV WKDW WKH FUHVFHQW PRRQ VKDSH KDV WKH EHVW UH
RQHLVIHG E\WZR SRUWV DQG PLIKW QRW EHD JRRGDSSURDFK 1RQHW
JRRG DOWHUQDWLYHY DV WKH\KDYH TXLWHD ODUJHLPSHGDQFH EDQG
$GGLQIJVORWV WR WKHSDWFKDQWHQQD FUHDWHYV HIWUD UHVRQDQW
ZLGWK )XUWKHUPRUH LWLV DSSDUHQW WKDW VORWYVY LQFUHDVH WKH |
EXWLRQLVDOWHUHG DQG WKXV WKHFURVY SRODULVDWLRQ OHYHO L(
6WDFNHG SDWFK DQWHQQDY DOVR LQFUHDVH WKH UHODWLYH LPSHC
WKH SK\VLFDOO\ FRQ Q H&F WWHICHDEHWVMQUHDODWLYH LPSHGDQFH EDQGZLGW
+RZHYHU WKHPXWXDO FRXSOLQJHIIHFWYVY RI WKLV DOQOWHQQD DUH XQNC
J)LQDOO\ ZLGHEDQG IHHGLQJ PHWKRGV KDYH EHHQ GLVFXVVHG ,W L\
QLVP KDVWRPDWFKWKHDQWHQQD :KHUHD QRUPDO FRD[LDO SUREH FU
IHHGLQJ WHFKQLTXHY FDQ DFKLHYH D EDQGZLGWK XS WR 2Q WKH R
IHHGLQJ WHFKQLTXHV PLIKW EH KDUG WR LPSOHPHQW 6RPHWLPHYV WK
WKHUHIRUH ZLGHEDQG IHHGLQJ WHFKQLTXHV DUH PRVWO\QRW SUHIHL
7TRVXPPDUL]JH LWLVFRQVSLFXRXVWKDWHDFKDSSURDFKKDUGO\HI[F
EDQGZLGWK RI $O0 WKRVHWRKDYHUHDFKHG WKDW OHYHO DUHHLW
ZKLFKDUH KDUG WR UHDOLVH 6RPHVWDFNHG SDWFKHV RUZLGHEDQG |
EDQGZLGWK EXW DUHQYW YDOLGDWHG LQ DUUD\IRUP DQG PLJKW FUH
HOHPHQWY ORGLI\LQJ WKH SDWFK VKDSH RUDGGLQJDGGLWLRQDO VO
6R DFRPELQDWLRQ RIWKLFNRUPXOWL OD\HUVXEVWUDWHY VWDFNHC
LVWREHLQYHVWLIDWHG WR PHHW WKH UHTXLUHPHQWY ZKLOH PDLQW
DQG FRPSOH[LW\



6WDWH RI WKH DUW 5HVHDUFK

SUWLILFLDO PDJQHWLF FRQGXFWLQJJURXQG SODQH
'XH WR OLPLWHG VSDFH RQ WKH 3&% WKH DQWHQQD DUUD\ ZLOO EH GHQVFH
FRXSOLQJ $Q DSSURDFK WR HQKDQFH WKH SHUIRUPDQFH DQG UHGXFH P X\
LV WR LPSOHPHQW DQ DUWLILFLDO PDJQHWLF FRQGXFWLQJ JURXQG SODQF
JURXQG SODQH LV DQG ZK\ GRHV DQ $0& JURXQG SODQH H[KLELW SURSHUWL
3(& JURXQG SODQH GRHV QRW 7KHQ GLIIHUHQW DWWHPSWV RI GHVLJQLQ
JURXQG SODQH DQG LWV SURSHUWLHY DUH UHYLHZHG )LQDOO\ LW LV FR!
LQWHUHVWLQJ DSSURDFK WR LPSOHPHQW WR D ZLGHEDQG DQWHQQD

'KDW LV DQDUWLILFLDO PDJQHWLF FRQGXFWLQJJURXQG SODQH"
$Q $0& JURXQG DFWV DV D PHWDPDWHULDO ZKLFK GRHV QRW H[LVW LQ QDW
WKH EHKDYLRXU RID SHUIHFW PDJQ®& W A FRRIGHK[BWR U Q3.8 WKH EDVLF SULQ
$0& JURXQG SODQH RQH PXVW KDYH VRPH NQRZOHGJH DERXW VXUIDFH ZDY|
$ SURSHUW\IURP PHWDOV LV WKDW WKH\VXSSRUW VXUIDFHZDYHV 6XUIDF
RQ DQ\ HOHFWULF FRQGXFWRU DQG ZLOO UDGLDWH LI WKH\ DUH VFDWWHU
> @ 6XUIDFH ZDYHV ZLOO DOVR LQGXFH PRUH PXWXDO FRXSOLQJ EHWZHHQ
EHPLQLPL]JHG 7KHPDJQLWXGHRIWKHVXUIDFHZDYH GHSHQG RQ WKH VXEV
GHFUHDVHV WKH TXDQWLW\DQG WKH PDJQLWXGH RI WKH VXUIDFH ZDYHV Z|
7KHRSHUDWLRQRID SDWFKDQWHQQDLQ WKH SUR[LPLW) RURX®R® GXFWRL
SODQH ZRUNV FRQVWUXFWLYHO\ Z§WR DIUDQIWR @ GID FIKI RMKMD UAKLY LV G X
SKDVH VKLIW RI PDIRIRGXFROGXFWLQJ SODQHJIJLYHV WR WKHEDFN UDGLDWL
VKLIW Rl WKH JURXQG SODQH DQG WKH GLVWDQFH EHWZHHQ WKH HOHPHQ\
UDGLDWHG ZDYH LV HTXDO WR WKH SKDVH RI WKH PDLQ UDGLDWHG ZDYH D
7KLV LV GLVSOD\HG IAXMIXRHMHGXFH VXUIDFH ZDYHV WKH GLVWDQFH EHWZ
DQG DQWHQQD QHHGV WR EH GHFUHDVHG 5HVXO0OW LyQ JDLG) MRUHH FIR@@E X FW R L
WKH EDFN VFDWWHUHG ZDYH ZLOO ZRUN GHVWUXFWLYHO\ GXH WR WKH SKD
LV VKRZQ LQ IDJX@WRMWKHU DSSURDFK LV WR SODFH WKH DQWHQQD LQ WKH SU
SODQH DOVRNQRZQDVKLJKLPSHGDQFHVXUIDFH +,6 7KHEDFEN VFDWWH!
VKLIW DQG WKH GLVWDQFH EHWZHHQ WKH DQWHQQD DQG WKH JURXQG SOD
F 7KH VHSDUDWLRQ FDQ EH RI DQ\ GLVWDQFH WKH EDFN UDGLDWHG ZDY'
QRZ
3DWFKDQWHQQDV DUH XVXDOO\UHTXLUHG WR KDYHORZFRVWYV DQG WR E
VSDFH LQ WKHLU DSSOLFDWLRQV ,PSOHPHQWLQJDQ $0& JURXQG SODQH L
DQG FRPSOH[LW\GUDVWLFDOO\ 7KHUHODWLYHO\VPDOOLQFUHDVHLQ JDL!
DQG WKHUHIRUH $0& JURXQG SODQHV DUH QRW ZLGHO\ XVHG \HW

D &0ORVHWRDJRRG FRQGXFWR#WR D JRRG FRQGXFWRU F 9HU\ FORVH WR D +,6

JLIXUH $ UDGLDWLQJDQWHQQD VHSDUDWHG RQ GLIITHUHQW GLVWDQFHV@URRHW JRRG FRQG)
ILJXUHV H[SODLQ WKDW WKH EDFNZDUGV UDGLDWHG ZDYHLV RQO\ZRUNLQJFRQVWUXFWLYHO\
FRQGXFWLQJJIJURXRWBHQHAULWH WKHEDFNZDUGY UDGLDWHG ZLOO ZRUN GHVWUXFWLYHO\ 7K
JRRG FRQGXFWLQJJURXQG SODQH LV D KLIJKLPSHGDQFH VXUIDFH ,Q WKDW FDVH WKH VHSDUD

SWWHPSWV WR GHVLIJQ DQ $0& JURXQG SODQH

JLUVW DQ $0& JURXQG SODQH LV GHVLIQHG E\*KRVKHW DO RQ WKH VDPH W
DOWHQ®@D KHGHVLIJQHG PHWDVXUIDFHH[LVWV RI [ XQLW FHOOV (DFK XQL
FP ZKLFK LV VPDOOHU WKDQ WKHDQWHQQD RI E\ FP $GGLWLRQDO
ORRSDQGWZR VWHSSHG LPSHGDQFH UHVRQDWRUV WRDFKLHYHDOO WKUH
VKRZQ LQ ILIXUKH PHWDVXUIDFH FRPELQHG ZLWK WKHDQWHQQD JLYHV D JC



T QWURGXFWLRC

G%L 7KHDQWHQQDLVDPLFURVWULS DQWHQQD EDFNHG E\D VORWWH
WKH $0& DQG WKH DQWHQQD RI PPLVVHW WRJLYHD JRRG LPSHGDQF
IUHTXHQELHYV

JLIXUH 7KH GHVLIJQHG $0& PM®NDVXUIDFH RI >

=KRQJHW DO SURSRVHGDQLPSURYHPHQWLQEDQGZLGWKDQG JDLQ
EDQG $0&@ 7KHLU GHVLJQ H[LVWV RI D SULQWHG ERZ WLH DQWHQQD ZL
FRPELQHG ZLWK D IUDFWDO $0& WKDW H[LVWV Rl [ XQLW FHOOV (DFK
LPDWHO\ PP $GGLQJ WKH IUDFWDO $0& XQLW FHOO LPSURYHV WKH JD
G%LDQGLPSURYHV WKHUHODWLYHLPSHGDQFHEDQGZLGWK WR 7K
LPSOHPHQWHG RQ D ZLGHEDQ®ERZ WLHDQWHQQD>

$PHHQ DQG &KDXGKDU\ VXJJHVWHG WR XVH DQ $0& PHWDVXU@DFH ZLV
7KH PHWDVXUIDFH H[LVWV RI [ XQLW FHOOV 7KH FHOOV KDYH DV\PP}
URWDWHG PDQQHU WKLV UHGXFHV WKH VL]H RI WKH XQLW FHOO WR
SHUSHQGLFXODU XQLW FHOOV ZLWKDQLQYHUWHG / VKDSHG IHHG 7KH
PPZLGH ,WRSHUDWHV DW D IUHTXHQF\RI *+]DQG FRPELQHG ZLWK W
LPSHGDQFH EDQGZLGWK DUH LQFUHDVHG ZLWK G%L DQG  0+]

BXEVHTXHQWO\ D SRODULVDWLRQ LQGHSHQGHQW $0& JURXQG SODQ
FXODUO\ SRODUL]HG DQWHQQD D@G $[G 6 QOWHWY D HORUWRSW KH DQWHQQ
DQWHQQD DUUD\ KDV D UHDOL]JHG JDLQ RI G%L DQG D KLJK UHOD
$0& JURXQG SODQH KDV [ XQLW FHOOV IRUHDFKDQWHQQD 'LPHQVLRQ
WKH GLPHQVLRQV RI D VLQJOH DQWHQQD DUHDERXW E\ PP ,Q WKH
DVVKRZQLQ WKH SURWRW\SH LQ ILJXUH

JLIXUH $ [ DQWHQQD DUUD\EDFNHG E\DQ $0& 7KH XQLW FHOOV@I WKH $0& RYHUODS
$ [ ILUVWRUGHUIUDFWDO XQLW FHOOV $0& VWU@BFWKH MQVVE BRORWH-
RIWZRVSOLWULQJUHVRQDWRUV DQG KDYH D VL]H RI E\ PP 7KLV J

E\ PPZLWKDQ DQWHQQD RI GLPHQVLRQV [ PP :KHQ WKLV $0& VW
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WKHDQWHQQD LWJLYHV D G%LIDLQ LPSURYHPHQW DQG WKHUHODWLY |
IURP WR

=KDQJ HW DO SURSRVHG D FRGHG GHVLJQ RI WZR GHVLIQH®DUWLILFLD
7KH $0& JURXQG SODQH H[LVWV RI [ $0& FHOOV HDFK E\ PP (DFK $0& F

VPDOOHU XQLW FHOOV RI E\ PP 7KH $0& FHOOV DUH PDGH RXW RI GLIIHUF
LQDFRGHG GHVLJQ DV VKREGDWFKIXQWHQQD LV PRXQWHG RQ HYHU\ [ $0¢
VLGHV RIOHQJWK PP 7KHPHWDPDWHULDO JURXQG GRHV QRW LQIOXHQFH"
SURSHUWLHV RIWKHDQWHQQD DWDOO DVWKH $0& DQG DUUD\DUH GHVLJQt
GHVLJQ PDQLSXODWHY WKHDQWHQQDTV VFDWWHULQJ SHUIRUPDQFH DQG \
DQWHQQDV

JLIXUH 7KHFRGHG GHVLIQ@Q R2ZQVWH HOIEHIW WKH FRGHG GHVLJQ LQ $QG RQ WKH ULJKW WK
GLITHUHQW XQLW FHOOV

)JXUWKHUPRUH WZRDUWLILFLDOPDJQHWLFFRQGXFWRUFHOOVDUHFRPE
VXUIDFH &/06 E\=KH@ HWWBD®XYIDFHH[LVWV RI [ $0& FHOOV ZKLFKH[LVWYV

R E\ PP 7KHFHQWHU $0& FHOO LV UHSODFHG E\DQ DQWHQQD RI E\
WKH &/06 VKRZV D SHDN JDLQ HQKDQFHPHQW RI G% DQG LW KDV DOVR D E
FHQWHU IUHTXHQF\ RI *+] 7KH GLVDGYDQWDJH RI WKLV FRQILIXUDWLR(

VWUXFWXUHLQVWHDG RI WKH JURXQG SODQH 7KXV WKH $0& FDQQRW EH X\

$W ODVW =KX HW DO SURSRVHGD ZLGHEDQGPXOWLSOH LQSXWPXOWLSO
JURXQG SO@ QHKH FRPELQDWLRQ DFKLHYHV D KLJK XQLGLUHFWLRQDO JDLQ F
SHUIHFW HOHFWULF FRQGXFWLQJJURXQG SODQH 7KH SURSRVHG DQWHQQTC
LPSHGDQFH EDQGZLGWK RI 7KH VWUXFWXUH LV XVHGRQD ZLGHEDQG D¢
WKH KLJK EDQGZLGWK 7KH GLSROH LV RI DSSUR[LPDWH GLPHQVLRQ E\
FRXSOH RI 9 VKDSHG SDWFK DQWHQQDV 7KH DQWHQQDV DUH SODFHG RQ W
DQG DUH VKRUWHG DW FHUWDLQ SRLQWYV 7KHUHIRUH WKH FXUUHQW IORZ |
,Q WKHHQG WKLV ODPLQDWHLY SODFHG GLDJRQDORQD [ VTXDUH SDWFK ¢
RI' E\ PP ZLWKDJDSRI PPEHWZHHQ WKHDQWHQQDV

6XPPDU\
2YHUDOO PRVW RI WKH DUWLILFLDO PDJQHWLF JURXQG SODQHV JLYH DQ [
7KLV LV VXPPDUL]HG LIQHWELPGIYVLRQV RI WKH DQWHQQDV FRPSDUHG WR WK
FRPSDUHG LQ WKEO#0& JURXQG SODQH PXVW DOVR EH DSSOLFDEOH WR DQ L
SRODULVDWLRQ LQG K25 HK@®H.@ADEOE + W LV DSSDUHQW WKDW D GHVLJQHG $0.
DXVHIXODGGLWLRQLQWKHDQWHQQD GHVLJQ ,IWKHGHVLIJQIUHTXHQF\RI
IUHTXHQF\RIWKHDQWHQQDRUDQWHQQDDUUD\ DJDLQLPSURYHPHQW RI C
LWLV GLVFHUQLEOHWKDW WKHUHODWLYHLPSHGDQFHEDQGZLGWK YDULHV
GHVLJQ ZLOO ZRUN ZLWK QDUURZ DV ZHOO DV ZLGHEDQG DQWHQQDV VXFK
JURXQG SODQH DOORZV WR PRXQW PXOWLSOHDQWHQQDV RQ WRSRILW LW
2EVHUYLQJ DWDNDE OHROXWLRQV IRUJDLQ HQKDQFHPHQW RID ZLGHEDQG I
EHWKHDSSURDFKHV RI WKH IUDFW mBORAL WK EDR GLLOWF R OGN B@UDFEWD O X QL \



T QWURGXFWLRC

WKHV\ERWK KDYHD KLJIKUHODWLYH LPSHGDQFH EDQGZLGWK DQG D JRR
WKHIUDFWDO X@LWIFMRIDOVIRVRQDQFH IUHTXHQFLHVY DUH FORVH HQR X Jk
XQLWFHOO KDV ZLGHEDQG FKDUDFWHU $Q LQWHUHVWLQJIHDWXUH WR
ILQHWDO@GB®WLPDWHO\ WKHVH GHVLJQV VKRZ SURPLVLQJIHDWXUH
SODQHV GRQYW KDYH

7TDEOH &RPSDULVRQ RIGLIITHUHQW YDULDWLRQV RI $0&1VRQJDLQ LPSURYHPHQW DQG

SHIHUHQFHDLQ ZLWKRXWLQ ZLWKDLQ LPSURYHHBOWLYHLPSHGDOQF!
$0& >GCUHL@ $0& >GU L@ >SCwL@ EDQGZLGWK > @

> @

> @

> @
DQWHQ@D >
[ DUUD

> @
[ DUUD

> @

> @

7DEOH &RPSDULVRQ RI WKH GLPHQVLRQV RIDVLQJOHDQWHQQD ZLWK WKH GLPHQVLRC

SHIHUHQRHWVHQQD GLUPHQ8QRW FHO$0& JURXQG SODQH
P P 7@ GLPHQWLIR®Q >GLPHQWFRQ@ >

[ [ [

[ [ [

VVVVVVVYV
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&KDOOHQJHV DQG RXWOLQH
'"HVLIQLQJ WKH SKDVHG DQWHQQD DUUD\ OHDGV WR WKH IROORZLQJ FKI

FOXWXDO FRXSOLQJ QHHGV WR EHPLQLPL]JHG WR SUHYHQW FKDQJHYV
DQG FKDQJHVLQ WKHLQSXW LPSHGDQFHRIWKHLQGLYLGXDO HOHP

7R SUHYHQW UDGLDWLRQLQ XQZDQWHG GLUHFWLRQV VLGH OREH O

t7KH FURVV SRODULVDWLRQ OHYHO LV GHVLUHG WR EH LQ WKH RUGH
$V GURQHV DUH EHVW GHWHFWHG E\ KRUL]RQWDO OLQHDU SRODULYV
EHVPDOO 7KHFURVYV SRODULVDWLRQ OHYHO GHSHQGV RQ WKHDQYV
DQG WKHVFDWWHULQJ REMHFW

t7KH G% EDQGZLGWK VKRXOG DW OHDVW FRYHU WKH IXOO RSHUD!

FRQVWDQW WUDQVPLWWLQJJDLQ RYHU WKH EDQGZLGWK DQG HQVX
EHLQJHTXDO

$+7KH EHDPZLGWKRIDVLQJOH SDWFKHOHPHQW VKRXOG EH ZLGH HQR}
$V JDLQ DQG EHDPZLGWK DUH GHSHQGHQW RQ HDFK RWKHU WKH JD
ODUJH $OVR DW WKH PD[LPXP VFDQQLQJDQJOH WKH JDLQ PD\ QRW
SDWWHUQ RI WKH VLQJOH SDWFK DQWHQQD

$+7KH SDWFKDQWHQQDV PLJKW EHLQWHJUDWHG ZLWK WKH DUWLILFLE
SDWFK HOHPHQWY DUH VPDOO WKLV PHDQV WKH HOHPHQWYV RI WKH
ULJKW UHVRQDQFHV DQG LQWHJUDWLQJ WKH $0& ZLWK WKH DQWHQC



2XWOLQH RI WKHVLYV

$00 WKHVH FKDOOHQJHYVY PDNHV LW GLIILFXOW WR VWDUW GHVLJQLQJ WKH
WKHIROORZLQJGHVLIQ DSSURDFK LY SURSRVHG

JLUVW GHVLIQPXOWLSOHVLQJOHHOHPHQWYV ZLWK WKH FKDOOHQJHV C
LVSXWLQWRDQ LQILQLWH DUUD\ XVLQJ WKH SHULRGLF ERXQGDU\ FRQG
SOLQJ LY WDNHQ LQWR DFFRXQW 7KH JRDO LV WRILQG RXW ZKDW WKH
EDQGZLGWK DUHRIHDFKVLQJOHHOHPHQW ZLWK GLITHUHQW IHHGLQJ PF
DOOWKHQHFHVVDU\ SURSHUWLHV )LQDOO\ FKRRVH WKHEHVW PRGHO

&RPSXWHD GLPHQVLRQDORI [ HOHPHQWY XVLQJ WKH HOH[HPHQW IUR
LIl WKH DUUD\ LV DEOH WR VFDQ SURSHUO\ KDV VWLOO ZLGH HQRXJK ED
UHTXLUHPHQWYV

&UHDWHD SURWRW\SH ZLWK WKH GHVLJQHG SKDVHG DUUD\DQG YHULI\V

'HVLIJQ DQ DUWLILFLDO PDIJQHWLF JURXQG SODQH IRU WKH [ DUUD\ DQ
$OVR YHULI\WKDW PXWXDO FRXSOLQJKDVEHHQUHGXFHGDQGJDLQ KD
I[UHTXHQF\

2XWOLQH RI WKHVLV

7KH RXWOLQH RI WKLV WKHVLV LV DV IROORZV WKLV FKDSWHU JLYHV DQ LQ"
UHVHDUFK SUREOHP DV ZHOO DV WKH UHTXLUHPHQWY DQG WKH GHVLJQ FRC
RIWKHDUW WRSLFV UHJDUGLQJWKHVXEMHFW RI ZLGHEDQG SKDVHG DQWHC
JURXQG SODQHV $QG WKH FKDOOHQJHV RI WKLY SURMHFW DUH LQWURGXFF
&KDSWHWHV EDFNJURXQG LQIRUPDWLRQ RQ GHVLJQLQJD JHQHULF DQWH
SURSHUWLHV RIDVLQJOH SDWFKDQWHQQD VXFKDVVXEVWUDWHPDWHULD
RIWKHDQWHQQD DUUD\ VXFK DV PD[LPXP VFDQQLQJDQJOHDQG LWV IHHGL
7KHUH LV PDGH D FRPSDUDWLYH VWXG\ RQ GLIIHUHQW ZLGHEDQG DQWHC
FDQGLGDWHY DUHDQDO\VHG DQG D WUDGH RII EHWZHHQ WKH FDQGLGDWHYV
&KDSWBURSRVHV D QHZ ZLGHEDQG DQWHQQD DUUD\ ,W JLYHV D GHWDL
HOHPHQW DQG WKH DQWHQQD DUUD\ $ IXO0 ZDYH DQDO\VLV Rl WKH DQWHC
FRPSDUHV WKLV WR LWV LQILQLWH DUUD\VLPXODWLRQ
BXEVHTXHQWO\ L@ RKIFSMBWLRQ RI D SURWRW\SHDQG LWV UHVXOWV DUH
KRZWKHSURWRW\SHLY PHDVXUHG DQG KRZLW FRPSDUHV WR WKH VLPXODYV
&KDSWGHIWFXVVHV LIDQ DUWLILFLDO PDJQHWLF FRQGXFWRUJURXQG SODC
RI WKH SURSRVHG PRGHO IURP FKDSWHU
8OWLPDWHO\ FRQFOXVLRQV DQG UHFRPPHQGDWLRQV DUHJLYHQ LQ FKD®






3KDVHG $UUD\ $QD¢

,Q WKLV FKDSWHU D SKDVHG SDWFKDQWHQQD bDUUD\LVDQDO\WVHG 3URSHU
DV D SKDVHG DUUD\DUH GLVFXVVHG )LUVW WKHFRRUGLQDWH V\VWHP IRU
DVLQJOH SDWFK DQWHQQD WKH VXEVWUDWH PDWHULDO HOHPHQW VL]H
7TKHQ WKHDQWHQQD DUUD\LV FRQVLGHUHG 7KHLQWHUHOHPHQW VSDFLQ
ODWHG WR IXOILOO WKH UHT X L U)NRJIMKWHW PRRJIAMHV B FQMRICRXQLIRUP DPSOLWXGH
LV GLVFXVVHG LQ RUGHU WR GHFUHDVH WKH VLGH OREH OHYHO EXW DOVR
PXWXDO FRXSOLQJ )LQDOO\ DV WKH DUUD\ EHFRPHY ODUJH IHHGLQJDQG
WRR

6SKHULFDO GRPDLQ

5DGLDWLRQ SDWWHUQV DQG RWKHU SURSHUWLHV RIDQ DQWHQQD RU DQW
LQ WKH VSKHULFDO GRPDLQ 7KH VFDQQLQJ OLPLW UHTXLUHPHQWYV DUH J
H[SODLQHG LQ FKIWSMWHUHTXLUHPHQW RQ VFDQQLQJ FDSDELOLWLHV LV WK]
VFDR ALQ DJLPXWK WKXV LQ WKH P IGQ HIOFHWDRQ RIQ @KLFK LV LQ WKH \ GLUH
DQWHQQD +RZHYHU WKHDQWHQQD LY FKDUDFWHUL]JHG LQ WKH VSKHULFD
WKLV SHUVSHFWLYH WKHWD LV WKHDQJOHKRZIDUWKHDQWHQQD VFDQV ¢
IXUWKHU DZD\ IURP EURDGVLGH 3KLLQ WKLV SHUVSHFWLYH LV WKH DQJOH
7KLV LV JUDSKLFDOO\VKRZQ LQ ILIXUH

JLIXUH $IDUILHOG UDGLDWLRQ SDWWHUQ WR H[SODLQ WKH VSKHULFDO FRRUGLQDWHYV FRP



SKDVHG $UUD\$QDO\V

7KHDQWHQQDLVUHTXLUHG WREHKRUL]JRQWDO O\& R OW K H [BHEWVAXQRKDW
DUUD\ VEDQV LQ WKH D]LPXMUSODAWR®BUUD\ VEDQV LQ WKH HOHYDW!
PD[LPD Rl WKH VFDQQLQJ OLPLWYV DUH ZKHQ WKH DQWHQQD DUUD\ VFD
8VLQJ WKLV NQRZOHGJH WKH DQJOHV IRUWKHWD DQG SKL FDQ EH FDOF
WULJRQRPHWU\ 7KH FRUUHVSRQGLQJDQJOHV ZLWK W K&/ V8D QUKIHYHO L
DQJOHV WKH SKDVH RI HDFK HOHPHQW FDQ EH FDOFXODWHG XVLQJ WKt

7TDEOH 7KH FRUUHVSRQGLQJDQJOHV LQ VSKHULFDO FRRUGLQDWHYV IRUWKH PD[LPXP \

$]LP XWIOH Y DWAKRHW D3 K L
A A

A

A
A
A

o o o

A A
A A
A A

6 XEVWUDWH PDWHULDO
7TKHVXEVWUDWHDIIHFWV VRPH RIWKHPRVWLPSRUWDQW SURSHUWLHYV
WKH VL]H RI WKH SDWFK )RUD ZLGHEDQG SDWFK DQWHQQD WKH VXEV\
SHUPLWW@®L$IMWWKEBFNHU VXEVWUDWHDOVRJLYHVY D EHWWHU HIILFLHQF\ |
NHHS WKHVDPHUHVRQDQFHIUHTXHQF\ J)RUDQWHQQD DUUD\V WKH VXE
WR SUHYHQW VXUIDFH ZDYHVY DQG GHFUHDVH WKH VSXULRXV IHHG UD((
6RPH H[DPSOH VXEVWUDWH PDWHULDOMDPDHH FRHPG D QHNGDEQIBLHOHFW !
DQG GLVVLSDWLRQ IDFWRU XVLQJ WKH 5R @+ D Q G WRE X FG\D GAHBED HLPWHRUEA X

>@
7TDEOH 6RPHVXEVWUDWH PDWHULDOV FRPSDUHG RQ GLHO@FWULF FRQVWDQW DQG GL)

ODWHULDO | 'LHOHFWULF,FRDRWW. QW L RV@ID FW R U
5RJHUV 57 'XURLG
5RJHUV 52 709 *+] A&
5RJHUV 57 "XURLG +7&
Y5 (SRJ\ o
$UORQ 'L&ODG
1HOWHF 1+
7DFRQLF5) $

(OHPHQW VL]H
7KH VL]HRID VLQJOH UHFWDQJXODU SDWFK DQWHQQD HOHPHQW LV GH\

¥ 'LHOHFWULF SHUPLWWLY:\WW@®\ RI WKH VXEVWUDWH
F+HLIJKW RI WKHoRERYWUDWH

$5HVRQDQW | UHST4)I@Q F \

7TKHUHDUHIRXU VWHSV WR FDOFXODWH WKH VL]HRID SDWFKB@WHQQD
JLUVW WHRHRAMGRMHKSDWFK DQWHQQD LV FDOFXODWHG

P @

b
& «

ZKHWBHVY WKH IUHH VSDFH YHORFLW\ RI OLJKW 7KHQ WKH HIIHFWLYH G
XVLQIJHTXDWLRQ

. OA»l/A
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KHII Y Tp




JHHGLQJ WHFKQLTXHV

7KH DFWXDO HOHFWULF OHQJWK RI D UHFWD QMW RH WRWE KQ@I@W 5 QLG GW H [
LV GHWHUPLQHG E\HTXDWLRQ

E
AQ % ~ . *P@

J)LQDOO\ WKHDFWXDO OHQJWK RI WKH SDWFKDQWHQQD FDQ EH FDOFXODWI

—— ¢ AQ P>@

C kHI%
JRUH[DPSOH ZKHQ WKHUHVRQDQW IUHTXHQF\LVHTXDOWRDFHQWHUIUHT
GHVLIJQHG ZLWK D 57 y XURIMMXEVWUDWH ZLWK D VWDRQGDU®PV-H@ KHLIJKW RI
7KHVLIHRIWKHHOHPHQW LVHTXDO WR WKHYDOXHV LQ WDEOH

7DEOH 7KH FDOFXODWHG SDUDPHWHUV RI D VLQJOH SDWFK HOHPHQW WR DFKLHYH D UHVRQ
VXEVWUDWH RI PP WKLFNQHVYV
3DUDPHWHU \ 9DOXH
'LGWK PP

(IIHFWLYH GLHOHRWULF FRQVWDQW
(IWHQGHG ®BIQJWK PP
/HQJIWK PP

,QbQbUUD\ WKHHOHPHQWY FDQ HDVLO\EH SODFHG WRR GHQVH WRJHWKHL
2QH DSSURDFK WR SUHYHQW WKLYV LV WR GHFUHDVH WKH HOHPHQW VL]H

FKDQJH 7KH HOHPHQW VL]HFDQ EH GHFUHDVHG E\DOWHULQJ WKH GLHOHF
VXEVWUDWH ,QFUHDVLQJ WKH GLHOHFWULF SHUPLWWLYLW\ GHFUHDVHV
LQIOXHQFHV WKH UHV X DM\GR I HFKTEXDXWEWVRQYWDWH KHLIKW LQIOXHQFHY WKH HI
SHUPLWWLYLW\ DQG WKH H[W& QKHRD\G RIKWRK HVEHQ@EIWKFK GRHVY QRW GHSHC
SDUDPHWHUYV

JHHGLQJ WHFKQLTXHV

$VLGH IURP WKH ZLGHEDQG IHHGLQJ WHFKQLTWHKM GH WRXIVIVE GRL @ KK DFSXWHW
WLRQDO IHHGLQJ WHFKQLTXHVY PLFURVWULS K®DJKHQ S DRSEH QDASEHIHN XBIPHC
GLVDGYDQWDJHV DUH VXPPDUL]JHG LQ WDEOH

7TDEOH 7TKHDGYDQWDJHV DQG GLVDGYDQWDJHV RI WKH WUDGLWLRQDO IHHGLQJ WHFKQLTXFE

OLFURVWUL\.S &RD[LDO SUR|EH $SHUWXUH SUR[LPLW\

(DVI\WR PDQXIDFWXVHWR PDQXIDREWXUH(DV\WR PRGHO :LGHVWEDQGZLGWK
30DQDU VWUXFWBUMSOH PDWFKLRZ LQWHUIHUHQFH ZLW(ONFL WRXR RGN O

6LPSOH PDWFKLURZ VSXULRXV UDGI5BHHWDRVQYHO\ ODUJH [EDHIG/ADVMEMWXKH PDWFKLQJ
IDUURZEDQGZLGIMXUURZEDQGZLGWKQGHSHQGHQW GHVWIQLFXOW IDEULFDWLRQ

6SXULRXV UDGLDWMLREXOW PRGHO®IL@LPRYJHG VSXULRXY UDGLDWLRQ

IURP IHHG OLQH WKLFN VXEVWUDWHYIILFXOW IDEULFDWLRQ
$V\PPHWULF IHHGAVQPPHWULF IHHGLQJ

'XHWR VL]H FRQVWUDLQWY LWLV SUHIIHUHG WR SODFH WKH SKDVH VKLIV
RQ RSSRVLWH VLGH RI WKH 3&% 7KXV WKH UDGLDWLQJDQWHQQDV DUH IHG
OLFURVWULSY OLQHV FDQ IHHG WKH DQWHQQDV LQ WKLV DUUD\ LI HDFK V
7KLV ZLOO WDNH D ORW RI VSDFH RQ WKH 3&% DQG WKH PLFURVWULS IHHGLC
UDGLDWLRQ 7KHUHIRUH XVLQJDPLFURVWULSDV IHHGLQJWHFKQLTXH ZLC
&RD[LDO SUREHV DUH XVHIXO DV LW FRQQHFWY WKH UDGLDWLQJ SDWFK G
(DV\ WR PDQXIDFWXUH EXW ODFN WKH DELOLW\ WR FUHDWH D ODUJH EDQG?:
DQWHQQDYV FDQ VWLOO DFKLHYH D KLJK EDQGZLGWK E\ XVLQS®R®H RI WKH W
FRD[LDO SUREHV DUH VWLOO DQ DGHTXDWH WHFKQLTXH WR IHHG WKH DQWH



SKDVHG $UUD\$QDO\V

$SHUWXUH IHHGLQJ KDV D ORW RI DGYDQWDJHV VXFK DV D ODUJH E
FLUFXLWU\ %XW LWLV GLIILFXOW WR IDEULFDWHDQG LI WKH JDLQ ZL¢
JURXQG SODQH WKHDQWHQQD FDQYW EH IHHG ZLWK WKH DSHUWXUH $
VORW SODQHDQG WKH SDWFKDQWHQQD ZLOO UHIOHFW DOO WKH HQHUJ
$QG SODFLQJ WKH $0& EHORZ WKH VORW ZLOO FUHDWH ORWV RI XQZDQV
WKH $0& 7KHUHIRUH DSHUWXUH IHHGLQJ ZLOO QRW EH FRQVLGHUHG D

J)LQDOO\ SUR[LPLW\IHHGLQJLYV FRQVLGHUHG DVDQRSWLRQ ,W KDYV |
HDV\ WR PRGHO $QG FRPSDUHG WR WKH DSHUWXUH IHHGLQJ SUR[LPLW
$0& 2Q WKH RWKHU KDQG WKLV IHHGLQJ PHWKRG LV GLIILFXOW WR IDE
WKH SDWFK DQWHQQD

$00 LQ DOO SUR[LPLW\DQG FRD[LDO SUREH DUH WKH PRVW SURPLVL
DQWHQQD DUUD\ 3UR[LPLW\IHHGLQJKDV D ODUJHUEDQGZLGWK EXW L
D ORZHU LPSHGDQFH EDQGZLGWK EXW WKLV FDQ EH LQFUHDVHG E\ XV|
VHFWLRQ

OD[LPXP VFDQQLQJDQJOHDQG HOHPHQW VSDF
7KH DQWHQQD VKRXOG KDYH EHDP VWHHULQJ FDSDELOLWLHV LQ D]LP.
FRYHUDJALRIUHTXLUHG ZKLFK PHDQV WKH DQWHQQDV D]LPX\WKVEHDP P
SRVLWLYHDQG QHIJDWLYHGLUHFWLRQ ,Q WKHHOHYDWLR® $0MRQH WKH
SUHYHQW JUDWLQJ OREHV IURP RFFXUULQJ WKHLQWHUHOHPHQW GLVV
LQ WKHGLUHBFWLWRHRSULQFLSDIO AD[LPX®G WKH JUDWLQJ ORE® ¥ H
ORFDWHG E\ HTXDW@RQV

icgf VLQFRV, VL@FRW g k  k
ic, VLQVLQ: VLOVLQ g | |

JURP WKLV LW | RIO/OHRIZA/DWW DRV

VLOVLQqly ¢
\V4
WLS‘Q.VL@FRVquy qu k |

DQGLY HTXDO WR

VLOFRW q kY VLOVL Y
VLAQY ® qycquLA(jY ®VLQqly ¢

FRV VLQ bk

$ JUDWLQJ OREH WUXO\ H[LVWV LI BERW KNVKHIVDIPR K H TOQDMHIRHO HP HQ W C
LV OHVV RU HY XDORWKD®LQJ ORBHBWWILYM\GHOLQH WKH LQWHUHOHPH
XVHG WR GHWHUPLQH WKH PD[LPXP LQWHUHOHPHQW GLVWDQFH WR SUF

Cr VYhi VL0LGzq

ZLWiKq WKH PD[LPXP VFDQQLQJDQJOH )RUDVFDQQLQJDQJOHRI GHJU
RIy LV UHTXLUHG WR SUHYHQW JUDWLQJ OREHV )RU H[DPSOH DW D
LQWHUHOHPHQ® VSDFRUWUHTXLUHG 7KH ODUJHVW VL]H RI WKH H[DP

LV PP ZKLFKPHDQV WKRVHHOHPHQWY LQ WKHDUUD\DUH YHU\ FOI
DQ XQGHVLUHG OHYHO RIPXWXDO FRXSOLQJEHWZHHQ HOHPHQWYV 7KH
WKHDUUD\ ZRUNV LQ WZRPGILRWEH.BRRWIHU GXH WR GLIIHUHQW VFDQQLQ
DQG HOHYDWLRQ SODQH



*DLQ DQG QXPEHU RI HOHPHQWYV

*DLQ DQG QXPEHU RI HOHPHQWYV
5RELQ5DGDU 6\VWHPV VSHFLILHG WKDW WKHWUDQVPLWWLQJDQG UHFHLYL
RUGHU WR KDYH D FODVVLILFDWLRQ UDQLWHRIQ B FDIOH WRMWDHOGDXNIBR U BT R L
>@

Ly o LaxGY@

ZLWKWKH HOHPHQW.JMKB DQGD\ IDFWRU GLUHFWLYLW\ ZKLFK LV HTXDO WR
DUUD\IDEFWRU KDV QR ORVVHV 7\SLFDO HOHPHQW G I@ H/FKWM LIDLLVD\ LLW EKY/EK® O O
OHVV GXH WR DQWHQQD HIILFLHQF\ (OHPHQW JDLQ FDQ EH LQFUHDVHG E\ |
RIWKHDQWHQQD ZLWKH J DQ DUWLILFLDO PDJQHWLF JURXQG SODQH )RU
7KH WRWDO DUUD\ IDFWRU JDLQ LV HTXDO WR G%L H[FOXGLQJORVVHV V
WKH VLGH OREH OHYHO GLVEKM\GH® HEWH¥MA\R®U D ODUJH DQG GHQVH SOD
WR WKH WRWDO QXPEHU RI 13 OHPRADM\QLHITW B W DRIQ D \

o ORJS B%@
DQG WKH HPEHGGRI® ODHQHPHQW LV JLYHQ E\HTXDWLRQ
FFR®
—

ZLWKVKH SK\WLFDO DSHUWXUH & WK R VW B & GILOG-IRINGXMO E DYQHEOHQJIWK 7K XV
HTXDWLREHFRPHYV

L. o

FFR®
— - G

L, ORJS 7
(TXDWLRRQOOXVWUDWHY WKDW WKH WRWDO QXPEHU RIHOHPHQWY GHWHUP|
DWRWDO QXPEHU RI DW OHDVW  HOHPHQWYV DUH QHFHVVDU\WR UHDFK WK
LV D PLQLPXP ZKHQ WKH DQWHQQD DFKLHYHV D GWKIRHE 8 FPKHHQMP EMLGIG HEX D
HOHPHQW JDLQ GHSHQGV RQ WKH VFDQQLQJ DQJOH DQG WKH SK\VLFDO DS*H
E\LQFUHDVLQJ WKH EDQGZLGWK RI WKH HO HPRIQBA RKD/GXVQ/HE K WRBBRWR.
GLVFXVVHG LQ FKDSWHU

YXUWKHUPRUH WKHDFFXUDF\RI WKHDQWHQQD DW PLV P 7KLV JLYH
DUFWDQ A $V5RELQ5DGDU 6\WWHPV XVHV D SURFHVVLQJWHFKQLTXF
ZLWK D KDOI SRZHU EHDPZLGWK +3%: DV D UXOH RI WKXPE WLPHV WKH DF

,IDVTXDUHDUUD\WRSRORJ\LV XVHG WKHKDOISRZHU EHDPZLGWK LQ W
LPDWHG E\ XVLQJWKHHTXDWLRQ IRUWKH BgE@DPZLGWK RI D OLQHDU DU L

Evg o€ y S¢¥L®

ZLVBWKH QXPEHU RI U KRHQWHWUHOHPHQWE&HWWDQBRHQPDRBQJOH IURP EURDG
JRUDQ G% DQADWRIVFDQQLQIJD®IOK RILWKDQLQWHUHOHRHQW GLVWDQF
HTXDWLRIQYHV D VTXDUH DUUD\ RI DW OHDVW [ HOHPHQWY 7KLV LV LQ W
ORVVHV 7KLV GRHVQIWPHHW WKHQXPEHURIDQWHQQDV XVHGLQ WKHH[DP
)XUWKHUPRUH D WRWDO ORVV RI LV D UXOH RI WKXPE 7KLV PHDQV WKDYV
DUH QHFHVVLWDWH LQ WKH H[DPSOH 7KLV LV DFKLHYHG E\D SODQDU DUUD
RI HOHPHQWYV 6XFK DQ H[DPSOH DUUD\ ZRXOG PHHW WKH UHTXLUHPHQW
DVDOLQHDUDUUD\RI HOHPHQWV JLYHV D +3%: RI GHJUHHYV

$PSOLWXGH WDSHULQJ

S$OQOWHQQD DUUD\V ZLWKRXW D XQLIRUPDPSOLWXGH GLVWWLEXGMHLIRREKIDYH D
OHYHO 6// UHTXLUHVWREHPLQLPL]JHG LQRUGHUWRUHGXFHGHVHQVLWLYV
HPLVVLRQ RUGHIOHFWLRQ GLUHFWLRQV 2QH DSSURDFK WR UHGXFH WKH ¢
WDSHULQJRIWKHDQWHQQ®@ DAKUDD P $RLLWDMEHRRY W KH HOHPHQWYV LQ WKH DU
ZLWKD GLVWULEXWLRQ FDOOHG WDSHULQJ 2IWHQ D 7D\ORU OLQH VRXUFH
%RWK GLVWULEXWLRQV KDYH WKHLU DGYDQWDJHV DQG GLVDGYDQWDJHYV



SKDVHG $UUD\$QDO\V

GLVWULEXWLRQ LV@ KHKILDWYIRWGEDWR WKH IXQGDPHQWDO WUDGH RII EH!
DQGGHFUHDVLQJWKHVLGHOREHOHYHO 'ROSK &KHE\WVKHY PD[LPL]JHV I
ZLGHQV WKH EHDP UHGXFLQJJDLQ DQG DFFXUDF\ 7D\ORUSYV 'LVWULEX
PD[LPXP DQG VXEVHTXHQWO\ GHFUHDVHV WKH VLGHOREH OHYHO IRU |
PRUH QDUURZ ZKLOH GHFUHDVLQJ WKH VLGHOREH OHYHO FRPSDUHG WF

7TRSRORJ\

$QRWKHU GHJUHH RI TlUHHGRP LV WKH WRSRORJ\ RI WKIRWD DQDH O 8§ HQIN
VSDFLQY RWKH HOHPHQW GLVWULEXWLRQLV VWLOO TXLWHGHQVH OHD
UDGLDWLRQ SDWWHUQ RIWKHDUUD\LQ DUHFWDQJXODUJULG 7KHUHIF
HQODUJHG ZKLFK ZLOO FDXVHJUDWLQJOREHYVY $Q DSSURDFKWR HOLP
WKH JULG WR D WULDQJXODU RU GQ DRRQWBUWR SRMMHDY DUUD\V DUH GLV

cq RY 7KHUHIRUH WKH LQWHUHOHP H QWD\E®D WIRYI L @ FUHOLWHLWIUR P
VKRZQ LQ ILIJXUH

YLIXUH $ WULDQJXODU WRSRORJ@RU WKH DQWHQQD DUUD\ >

1RUPDOO\ WKLV ZRXOG LQGXFH JUDWLQJ OREHV +RZHYHU GXH WR WK
SDWWHUQ DOLJQ ZLWK WKHKJUDWLQJ OR DI\GLWIGHEHM UH UHPRYH WKH
OREHV $OVR D WULDQJXODU JULG KDV WKH VDPH VFDQ OLPLWYV DV WKH

$QRWKHU DSSURDFK ZRXOG EH WR XVH D @S BRWPH BP$ S\AKLFDWHR QU U
RQO\ D QDUURZ EHDP EXW QRW D UHTXLUHPHQW RQ JUDWLQJ OREHV
ODUJHVW GLPHQVLRQ Rl WKH DSHUWXUH 7KHUHIRUH ORWVY RI HOHPH(
LV QRW GHFUHDVHG 7KLV ZLOO GHFUHDVH WKH JDLQ ZLWK DSSUR[LPD'
UHPRYHG ZKLOH WKH EHDPZLGWK VWD\V VLIJQLILFDQWO\ QDUURZ %\
VSDFLQJ HIIHFWLYHO\LQFUHDVHV DQG JUDWLQJ OREHV ZLOO RFFXU )i
DQG VFDQQLQJ FDSDELOLWLHV DUH QHHGHG VR WKLQQHG LV QRW DQ
SUHIHUUHG

S$UUD\VIHHGLQJ VWUXFWXUHYV

2QH Rl WKH FRQVWUDLQWYV LV WKDW WKH DQWHQQD LV GHVLJQHG RQ D
WKH HOHFWURQLFV ZLOO EH RQ RSSRVLWH VLGHV DQG IHHGLQJ VWUXF'
FRQWUROOHG )RU D SKDVHG DUUD\ WKH DQWHQQDV QHHG WR EH H[F
DQG DPSOLWXGH 7KH EDVLF OD\RXW RI D SKDVHG DUUD\ IHHGLQJ VWU
FRQYHUWHG 5) VLIQDO FRPHV LQWR WKH VIVWHP 7KLV LV VSOLW LQWF
KDV D SKDVH VKLIWHU DQG D YDULDEOH JDLQ DPSOLILHU 9*$ WR JLY}F
DQWHQQD (DFK VWULQJLVY FRQQHFWHG WR D GLIITHUHQW DQWHQQD YLE
LV VKRZQ LQ ILIJXUH



	Introduction
	Background
	Research Problem
	Requirements

	State-of-the-art Research
	Wideband Antenna Arrays
	Artificial magnetic conducting ground plane

	Challenges and outline
	Outline of thesis

	Phased Array Analysis
	Spherical domain
	Substrate material
	Element size
	Feeding techniques
	Maximum scanning angle and element spacing
	Gain and number of elements
	Amplitude tapering
	Topology
	Array feeding structures
	Cooling structures
	Summary

	Comparative Study on Wideband Patch Antennas
	Radiation requirements
	Test patch antenna model
	Return loss
	Radiation pattern - gain
	Radiation pattern - polarimetric properties
	Signal fidelity
	Group delay
	Manufacturability

	Design considerations
	Probe fed stacked patch with multi-layer substrate
	Proximity fed patch with a multi-layer substrate
	Probe fed double stacked patch in a multi-layer substrate
	Probe fed patch in a multi-layer substrate

	Trade-off
	Conclusion

	Patch Antenna Array
	The Model
	Simulation Results
	Return Loss
	Radiation Pattern
	Signal Fidelity
	Manufacturability

	Comparison with the infinite array
	Conclusion

	Results and Verification
	The Prototype
	Measurement Setup
	Measurements & Verification
	Return Loss
	Radiation Pattern

	Conclusion

	AMC Ground Plane
	AMC element selection
	Horizontal strips
	Horizontally polarised grill
	Diamond with a horizontal strip
	Two split ring resonators
	Summary

	Location of ground plane
	Regular location with a thinner substrate
	Atop substrate 2 next to the feeding strip
	Between substrate 1 and 2 next to the feeding strip
	Summary

	Conclusion

	Conclusions and Recommendations
	Recommendations

	Matlab scripts
	Code to plot the active S-parameters
	Function to calculate the active S-parameters
	Code to plot the measured radiation pattern

	Extra array material
	Phase excitation
	Electric field antenna array

	Extra results material
	Antenna Array Simulations
	Return loss at negative elevation
	6x6 array

	Verification results
	Active S-parameters
	Radiation Patterns


	Bibliography

